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Uranium is a naturally occurring heaviest and radio-
toxic trace element present in the minerals, rocks, sands, 
soils and water. Its concentration is higher in the earth^s 
crust than the other toxic elements like Sb, Cd, Bi, Hg and 
the precious metals. Due to the occurrence of uranium in 
soil and water, the radioactivity due to it and its daughter 
products is transferred to plants, food supplements and then 
to human beings. Uranium and its radioactive decay products 
when contained inside the body through ingestion or inhala-
tion may constitute significant health hazard. Generally 
the organ affected by the toxic effect of uranium is kidne/. 
Further penetrating and ionising radiation while passing 
through the body may damage some of the cells. Due to the 
radiation effect of uranium, cancer is also the result of 
somatic mutation occurring in a cell. Such a mutation may 
alter the control mechanism of cell leading to the unregula-
ted division or cancer. The increased occurrance of cancer 
in uranium minershas been attributed to it. 
In last few years solid state nuclear track detection 
(SSNTD) technique has been widely used for the trace element 
analysis of uranium. Solid state nuclear track detection 
technique due to its simplicity, sensitivity and potential 
capability can be used for micromapping (ppm to ppb level) 
of fissionable impurities through (n,f) reactions. Before 
starting the actual measurements of uranium content, the 
track development features of fission tracks in some plastics 
to be used as fission fragment detectors had to be studied 
and a thorough knowledge of the SSNTD technique was necessary-
The thesis has been ramified into five chapters. 
Chapter - I consists of a general introduction of the 
occurrence of uranium and its decay products in different 
type of rocks, soils, sands and water 2, level of uranium in 
different human consumable things in different countries. 
It also contains the mecnanism of uranium transfer in the 
human body 2^  possible radiation health hazard due to the 
presence of uranium and its decay products inside the human. 
A brief description of the aim of present investigations is 
also given. Finally the chapter ends with an elaborate list 
of references of the research papers used. 
Chapter - II is totally devoted to dielectric solids 
used as a particle track detector . The chapter describes 
the principle of Detection of charged particle by SSNTDs, 
historical development of SSNTD technique, its applications 
in different fields of science and technology, its merits 
and demerits over other conventional nuclear detectors % 
mechanism of track formation in different dielectric solids 
viz. inorganic and organic solids. In addition to these, 
the methods of track revealation, visualization and evaluation 
O 
(manual and automatic) are also discussed. In the last, 
threshold characteristics of the SSNTDs and place of 
plastics among SSNTDs are described. 
In Chapter - III, definitions and explanations of 
various terms used in SShn"D technique are given. A brief 
review of the formulae relating the etched track profiles 
is presented. Techniques which are generally used for mea-
suring bulk etch rate Vn, track etch rate Mj and activation 
energy for bulk and track etching are also compiled in this 
chapter. Environmental effects on bulk and track etch rates 
observed by some workers in last few years are also summa-
rized in tabular form. 
Chapter - IV contains the details of experiments 
carried-out by the author on the studies of fission fragment 
tracks in different plastic detectors viz. CR-39, Lexan, 
Makrofol-KL and Melinex-0. For this, these plastic detec-
252 tors were exposed to fission fragments from Cf spontane-
252 
ously fissioning source. The details about the Cf spon-
taneously fissioning source are also described. The CR-39 
plastic was found to record simultaneously the tracks of 
fission fragments as well as 6 MeV alpha particles from this 
source. Whereas Lexan, Makrofol-KL and Melinex-0 recorded 
only fission fragment tracks. Results obtained from the 
present experiments indicate that etched fission tracks in 
polycarbonates viz. Lexan and Makrofol-KL were long and very 
thin due to large l„/cl ratio whereas the shape of etched 
fission tracks in Melinex-0 plastic was better and more 
conical. The track etching efficiency J)^ of Melinex-0 
plastic detector for fission tracks in 2ii-geotnetry is sniciller 
than other plastic detectors. But iviel^ nex-O has been found 
to have ideal bulk and track etching features giving better 
and conical etch-pits for fission tracks and less number of 
background and imperfections. Due to these reasons, Melinex-0 
plastic was chosen as a detector for the micro-analysis of 
uranium content by recording fission tracks resulting from 
the (n,f) reaction . 
Chapter - V deals with the results and discussion of 
the determination of uranium content in materials consumed 
by human beings like solid phase materials (tea leaves, ti'iers, 
milk powders^ drugs) and liquid phase materials (water from 
rivers, springs, lakes, canals, hand-pumps, tube-wells, taps 
and wells etc. and drinkable milk). The prevalent method" 
for determination of uranium content are discussed and then 
special mention is made of the SSNTD technique using (n,f) 
reaction, applied in the present investigations. For deter-
mination of uranium content in solid phase materials, 
'external detector method' and in liquid phase materials, 
'dry method' have been adopted. The chapter contains all 
experimental details including preparation of samples for 
irradiation, etching and counting and method of calculetions 
for solid and liquid phase materials. Results of present 
investigations are then presented. 
It is concluded from the present investigations that 
uranium concentration in water may increase due to the 
transfer of uranium from bed rocks and soils by its leach-
ing action as well as from tailings of phosphate deposits 
and run-off from phosphate fertilizers. It can also be 
introduced into the water supply by human activity in the 
mining and milling of uranium ore. Hence the radioactivity 
of water has also been a subject of interest for uranium 
prospectors. As water is one of the important media by 
which natural radioisotopes can be transferred to man, these 
measurements may be of importance from the point of view cf 
radiation protection. 
Uranium content in tubers is found to be quite higher 
as the underground root vegetables are high mineral absorbers 
and their roots can directly absorb higher degree of uranium 
from the soil throughout their full growth. The radioacti-
vity of soils is that of the rocks from which they are derived, 
diluted by organic matter and the leaching action of water. 
The oata obtained from the present studies may be 
valuable both from methodical as well as radiation protection 
point of view. 
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CHAPTER - I 
INTRODUCTION 
IhfTRODUCTION 
1.1 OCCURRENCE Ot URANIUM 
Out of naturally occurring radioactive elements, 
uranium is the heaviest and radiotoxic trace element. It 
is the most abunaant and consists of three different 
isotopes ^^^U, ^ ^^U and ^^^U in the proportions 99.28, 
0.71 and 0.005 percent by weight respectively. U and 
234 
U belong to one family called the uranium series 
235 (Table - 1.1), while the U isotope is the first member 
of actinium series (Table - 1»2). The third long series of 
successive radioisotopes, called the thorium series 
(Table - 1.3) has ^^^Th as its first member. ^^^U, the 
parent element of the uranium series has a half-life of 
Q 
4.5x10 Yr (a. age of the earth) and supports a series of 13 
main decay products as well as several collateral radio-
nuclides. It has widespread occurrence and is found in 
minute amounts in almost all minerals, rocks, sand, soil 
and water etc. Although, regarded as a rare element it has 
a considerable higher content in the earth's crust than 
other toxic elements such as Sb, Cd, Bi, Hg and the precious 
metals. It is nonuniformly distributed and mainly occurs 
in a dispersed state. Its concentration in a few ores is in 
the range 40-60/.. About 100 mineral species contain 1/. or 
2 
more uranium and the average concentration of uranium in 
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-4 the earth's crust is estimated to be about 4x10 •/.. The 
uranium content in the accessible lithosphere has been 
3 4 found to be about 2.8 ppra ' , but the content varies widely 
5 in different types of rocks. Some approximate abundances 
are given in Table - 1.4. Uranium concentration within 
each type of rock also varies greatly, particularly in 
black shales which can contain upto 250 ppm. Uranium and 
thorium are more abundant in acidic than in basic rocks, 
but the U/Th ratio has been found to be nearly constant in 
common igneous rocks when expressed as the U/ Th 
activity ratio . It is approximately 0.7 for acidic igneous 
rocks (e.g. granites) and 1.0 for mafic rocks (e.g. basalt). 
In actual uranium ores the concentration range is much 
higher i.e. ranging in economically viable ores from 1000 
to 3000 ppm. In few uranium minerals such as pitchblende 
samples, it has been found in an almost pure state ( 7 ^ of 
5 7 UoOg) in lenses or veins * . Uranium also occurs as a 
brown-black ore containing the metal as U^Og. In the 
Colorado Plateau region of the U.S. the most common form is 
the yellow carnotite. It is also found in metamorphic 
rocks, lignite, raonazite sands and phosphate deposits as 
o 
well as minerals such as uraninite and carnotite etc. The 
concentration in phosphate rocks may be as high as noppjYi^ ^ 
Rock phosphate is used extensively as a source of phosphorus 
in fertilizers. Menzel pointed out towards the possible 
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r ad i a t i on hazard caused by the t ransfer of uranium, radium 
and thorium in the f e r t i l i z e r s produced from rock phosphate. 
In the normal f e r t i l i z e r average uranium concentration i s 
about 100 PpJn . Analysis of phosphate minerals from 
Florida shows tha t uranium concentration vary in the range 
from 6.7 to 32.4-."Ij f'pm . In aramoniated phosphate and 
t r i p l e superphosphate the uranium contents have been e s t i -
ll 
mated to be 37.7 and 3 8.^PPI^ . Phosphate f e r t i l i z e r s 
are compounds such as monocalcium phosphate, dicalcium 
phosphate and sodium tr ipolyphosphate . These phosphate 
compounds are usually manufactured by mixing phosphoric acid 
with an appropriate ma te r i a l , such as lime or soda ash. The 
phosphoric acid used in the f e r t i l i z e r production is produced 
by 'wet process method' in which sulphuric acid is mixed 
12 
with rock phosphate . 
10 H2SO4 + CajLQ F2(P04)^ + 20 H2O = 10 CaS0^.2H20 + 
2HF + 6H3PO4 
In the process of separation of this phosphoric acid from 
10 12 13 
the gypsum, Menzel , Spalding and Shiraishi have 
226 
observed a considerable depletion in Ra but enrichment 
in uranium. It appears that Ra is co-precipitated with the 
gypsum, while uranium follows the phosphorous into the acid. 
Thus these phosphate fertilizers should maintain the uranium 
s 
phosphorus correlation of the original rock phosphate but 
will be depleted in Ra. 
All the above mentioned sources come in contact with 
water which may be used for drinking and irrigation purposes. 
Uranium is transferred by its leaching action from bed-
rocks and soils where it is found in minute quantities and 
varies over a wide range from rock to rock. It can also be 
introduced into the water supply by human activity in the 
raining and milling of uranium ore. Ground water plays an 
important role in the migration and redistribution of the 
elements in the earth's crust. The characteristics of water 
that mainly determine its capacity to dissolve, carry or 
deposit elements such as uranium are its pH, temperature, 
redox potential, concentration and properties of dissolved 
solids and flow rate. The concentrations of uranium and its 
daughter products in water are also determined by the 
physical nature of the aquifer and ultimately by the uranium 
content of the formation involved. Not only the water from 
uranium mines contains high concentrations of natural radio-
active elements but also the mineral water and the water of 
some drilled wells. Studies have found the state of radio-
938 
active disequilibrium between the isotopes of uranium U 
234 
and U in natural waters. Ground water has much greater 
0 0/ 9 38 
variations in the U/ U activity r a t io (especially at 
low concentrations) than the surface water . The 
y 
natura l radioact ive decay se r i e s have four isotopes of 
226 
radium: in the uranium s e r i e s , Ra ( h a l f - l i f e = 1600 Yr^ ; 
223 in the actinium s e r i e s , Ra ( h a l f - l i f e = l lo4 days) and 
in the thorium s e r i e s , Ra ( h a l f - l i f e = 5.8 Yr^ and 
224 
Ra (half-life = 3,64 days). All these radium isotopes 
are present everywhere in the earth's crust depending on 
the uranium and thorium contents of the local rocks, 
15 Cherdyntsev observed that ground water usually con-
tains more Ra than Ra and an unusually low Ra/ Ra 
ratio in water indicates that the water is young and there 
is no indication of proximity of thorium rich rocks. On 
228 226 the other hand, the long-lived Ra and Ra naturally 
occur in water especially in old ground water in activity 
ratios equal to the average contents of Ra and Ra of 
the surrounding rocks. Thus some conclusions about the 
relative uranium and thorium contents of the bedrock can be 
found from the Ra/ Ra ratio of the water , 
Alarmingly high concentrations of uranium have been 
found in drilled wells and ground water in some countries 
like Finland, Sweden and United State etc. According to 
1 i' 
studies by Asikainen , AO/. of drilled wells contain water 
222 226 
having Rn (a decay product of Ra) concentration more 
than about 10,000 pCi/l and in about 2-/. drilled wells 
concentration exceeds 100,000 pCi/l, Similar type of 
222 
results for Rn content in ground water from bedrock have 
IQ 
been obtained in Maine and New Hampshire in U.S. These 
high concentrations have been linked with granites and 
metamorphic pegmatites with hydrothermally introduced 
1 Y 1 Q 
uranium * . The concentration of uranium has been found 
to be 15,700 [ig/l of UO2 in one drilled well in the city of 
Helsinki (Finland) . Later analysis showed the variation 
in uranium concentration (9,400 to 19,600 i^ g/l) depending 
upon the amount of water found in the well. 
1 ^  
The effective dose equivalents show that uranium and 
Ra in drinking water markedly increase the background 
radiation exposure in some special cases. The contamination 
of uranium in water of drilled wells is significant due to 
its chemical and radio toxicity. ICRP after taking into 
account the chemical toxic effects has recommended the 
21 limits for the ingestion of uranium lower than those 
derived from the radioactivity of this element. High con-
tents of uranium in water from different sources have drawn 
the attention of radiation protection scientists and 
especially of uranium prospectors. The presence of high 
radioactive water may indicate the presence of uranium 
deposits in the surrounding bedrock. 
The natural radioactivity of water is mainly due to 
the uranium series activity transfer from bedrocks and soils. 
Thus the amount of radioactivity found in water depends on 
the uranium concentrations encountered in the rocks with 
u 
which the water comes in contact. Studies of uranium in 
water is quite important and the measurements have indi-
cated that the natural radioactivity in ground water varies 
over an extremely wide range. The levels of natural radio-
activity originating from uranium series elements are found 
to be high in areas where there are high concentrations of 
uranium in bedrocks and soils. Hence the radioactivity of 
water has also been a subject of interest for uranium 
22-24 prospectors for many years. As drinking water is one 
of the media by which natural radioisotopes are transferred 
to man, the radioactivity in water (mainly Ra and Rn) 
have also been extensively measured from the point of view 
of radiation protection. Radioactive nuclides in water 
enter the human body mainly through foodstuffs and drinking 
water, inhalation being of importance only for the daughter 
222 
products of Rn. Therefore, the measurements of uranium 
in water and human consumables are important and essential 
from the point of view of public health. Radioactive 
substances like toxic agents may enter the human body 
through three different portals: 
(i) Inhalation; By breathing radioactive dust and gas. 
(ii) Ingestion; By drinking contaminated water, eating 
contaminated food, or by tacitly transferring radioactivity 
to the mouth. 
12 
(iii) Absorption; Through the intact skin or through 
wounds. 
The primary sources of internally deposited radio-
nuclides are ingested food and water, inhalation not being 
the major source. Daily intake of U and its daughters 
^^^Ra and ^^^Ra is about 1 pCi; ^ ^°Th and ^^^Th about 
210 210 5 
0.1 pCi; and "^  Pb and Po about 3 pCi . Radioactivity m 
the human diet consists of fallout radionuclides and natural 
radioactivity from the two primordial radioactive series 
with ^^^U and ^^^Th as parents and also from '^ '"'K. 
A large number of problems are associated with the 
biological effects and carcinogenic implications of radio-
nuclide traces present in human consumables and biosphere. 
The radioactivity from radioactive series of U present 
in water and soil is transferred to plants grown there, food 
supplements and then to human beings. The radioactivity of 
soils is that of the rocks from which they are derived, 
diluted by organic matter and the leaching action of water. 
Uranium (2-180 ppm) is present in livestock feed supplements 
25 in proportion to their phosphorus contents . Uranium 
concentration in most foods was found to be in the range 
O.OOl-0.1 PPni .Although the dietary intake varies according 
to food habits, the overall intake of uranium has been 
estimated to be in the range 1.3 - 1.4 i^g/day . Another 
estimate of daily intake of uranium in the U.S. is about 
13 
0.60P-9/c^ ay ranging from ' O.^ O-J.3'^ /i9./day. Bioconcentra-
tion factors for uptake of uranium by terrestial plants 
including grains and market vegetables grown in contaminated 
_3 
soil are of the order of 10 . About 360 p.g or 240 pCi of 
uranium is annually ingested through food . The average 
amount of uranium found in drinking water in U.S. as 
measured by Cothern and Lappenbusch is 2.9 8^9/1. They 
estimate the ingestion of ll'75.4/-'9 of uranium in a year from 
drinking water. The contribution of uranium from atmosphere 
even taking the highest value^^ of 200 pCi/m^ (0.2 pCi/l) 
is quite small as compared to that from food and water. 
27 Garner discussed the toxicity of uranium to livestock and 
its potential transfer to human beings via food products. 
.28 
urn Chapman and Hamraons studied the metabolism of urani 
ingested by dairy cattle with their normal diet. The 
primary dietary source was identified as the feed concen-
trate provided to the herd. They observed that on the 
average milk received only 0.2>< of the estimated uranium 
intake per day, whereas more than 99>< of the estimated daily 
intake appeared in the feces. The dairy catties are fed 
mainly on phosphorus containing feed supplements which may 
25 25 
be the source of uranium and radium . Reid et al. has 
indicated that the uranium transferred in milk through 
phosphorus rich feed supplement may increase the intake of 
uranium by human beings. 
]4 
Uranium and its salts are highly toxic and may be 
found in valence states +2, +3, 44, +5 or -t-6, the most 
common being the hexavalent and tetravalent states 
Natural uranium in its tetravalent form is unstable and 
oxidised to the more toxic hexavalent form. The hexavalent 
form then combines with active sites (phosphate group) on 
the surface of cells blocking normal metabolic processes 
29 for cells survival . Hexavalent uranium injures the kidney 
to prevent normal elimination of waste products such as 
urea etc. resulting in renal disfunctions which is a cause 
for leukaemia. The hexavalent state is the important one 
in water because almost all tetravalent compounds are 
practically insoluble. 
Hydrolysis competes with organic and inorganic comple-
xation and plays an important role in the environmental 
behavior of uranium. At pH 6 and below uranium forms very 
stable complexes with oxygen rich organic compounds in the 
form of humic and fulvic acids in the natural environment. 
This interaction involves peats, coals, asphalts as well 
as inorganic interactions with shales, phosphorites and 
30 
carbonates . When put into solution, uranium forms the 
2+ 
uranyl ion (UO^ ) and this ion forms soluble salts with all 
31 
common anions except phosphate . Uranium can thus be 
transferred to plants and water from bedrocks and soils and 
then to human beings. 
15 
Uranium and its radioactive decay series elements 
either inside or outside the body can be quite harmful. 
When contained inside the body it constitutes a far greater 
radiation health hazard, as the internal tissues are irra-
diated continuously till the radioisotopes are eliminated in 
the feces and urine or else lose radioactivity by natural 
decay. Generally the organ affected by the toxic effect of 
uranium is kidney. Due to the radiation effects of uranium, 
cancer is also the result of somatic mutation occurring in 
32 
a cell . Such a mutation may alter the control mechanism 
of cell leading to the unregulated division or cancer. 
Further penetrating and ionising radiation from uranium 
while passing through the body may also damage some of the 
cells. This damage may be repairable especially at low 
dose rates (permissible intaKe 40 mg/day by Morgan ). How-
ever the injured cells may occasionally multiply beyond 
control, only to form malignant growth. Thus the radiation 
exposure even at low levels for a long period may be 
dangerous to human beings due to its high toxicity. 
Recent studies with extensive miners exposure data shows 
that the incidence of lung cancer is a linear function of 
33 
accumulated exposure . A linear dose effect relationship 
means that low exposures cannot be neglected when spread 
over a large population and longer period. Even very low 
exposures can lead to a significant number of deaths. 
J6 
Uranium also plays an important role in various cosmochro-
nological and nucleosynthesis events besides its high 
toxicity and environmental pollution hazards. Therefore, 
it is desirable and important to estimate uranium contents 
in human consumable materials like waters, milks, teas, 
tubers and drugs etc, and the investigations are described 
in detail in Chapter - V of this thesis. 
1.2 PRESENT INVESTIGATIONS 
The aim of the present investigations is to study the 
characteristics of plastic track detectors for the detection 
of fission fragments and apply the fission track registration 
technique for the measurement of uranium content in certain 
materials like water (collected from both ground and surface 
water sources like tap, tube-well, hand-pump, well, lake, 
spring and canal etc. of different places), teas, tubers, 
drugs and milks (dry and fresh) etc. which are commonly 
consumed by human beings in daily life. The uranium content 
in samples can be determined by the detection and counting 
235 
of the fission fragments resulting from U(n,f) reaction 
produced by thermal neutrons, SSNTDs provide a reliable, 
simple and sensitive method for the detection of fission 
fragments. The plastic track detectors can be applied for 
recording the fission fragments and fission track registra-
tion technique using plastic track detectors has been widely 
\1 
used for this purpose. 
For making correct interpretations of track data in 
any application using SSNTDs, it is necessary to have a 
complete understanding about the fission track development 
characteristics of the plastic detectors to be used. Thus 
it was thought desirable to study the bulk and fission 
track etching characteristics of few plastics viz. CR-39, 
Lexan, Makrofol-KL and Melinex-0 available with us. 
]8 
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CHAPTER - I I 
DIELECTRIC SOLIDS AS PARTICLE TRACK DETECTORS 
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DIELECTRIC SOLIDS AS PARTICLE TRACK DETECTORS 
2.1 INTRODUCTION 
During the last twenty five years, insulating solids 
including natural, volcanic and man-made glasses (phosphate, 
soda-lime, tektite, silica, flint, granite, obsidian etc.), 
minerals (mica, apatite, garnet, sphene, zircon, quartz, 
epidote, feldspar, diopside etc.) and organic polymers or 
plastics (cellulose nitrate, cellulose acetate, cellulose 
triacetate, polycarbonate, polyethylene terephthalate, 
CR-39 plastic etc.) are being used as detectors for nuclear 
heavy charged particles in several important laboratories 
of the world. In earlier scientific literature, these 
detectors are being known by such names as dielectric track 
detectors, hole detectors, mica detectors, glass detectors 
and plastic track detectors etc., but they are now popularly 
known as Solid State Nuclear Track Detectors (SSNTDs). 
The principle of detection of charged particles by the 
SSNTDs is based on the experimental fact, that the dielec-
tric solids like micas, glasses and plastics etc. get 
damaged trails along the trajectory of the charged particles, 
while passing through them as a result of the excitation 
and ionization of atoms with which they encounter during 
their passage. The damaged part of the solid has different 
chemical and physical properties than the bulk material of 
23 
solid and is called the 'Latent Track*. This cannot be 
Seen by naked eye or under optical microscope. The 
'Latent Track' can, however, be seen directly as diffrac-
tion contrast images using Transmission Electron Microscopy 
(TEM). These latent tracks can be enlarged to few microns 
by chemical etching, as the damaged region of the solid 
dissolves faster in an appropriate etching solution than the 
bulk material, causing conical etchpits or in certain cases 
narrow conical channels called the 'Tracks'. When these 
etched tracks are enlarged to sizes comparable to the wave-
length of visible light, they start scattering the light 
and become visible under an optical microscope at ordinary 
magnifications of 100 X or more. 
The SSNTDs due to their several useful features have 
been used extensively in almost all branches of nuclear 
science and technology, health physics and earth sciences 
for the last twenty five years. In 1975 Fleischer et al. 
published their book 'Nuclear Tracks in Solids', which 
reviews the work of more than one thousand scientists and 
has more than 1300 research papers. Since then the 
excitement has been continously increasing and has led in 
1977 to the foundation of the new journal 'Nuclear Tracks', 
totally devoted to this subject and now serves as the central 
and comprehensive medium of literature in this field. 
SSNTD's important applications include nuclear physics and 
24 
2—7 
cosmic rays (measurement of low cross sections in 
1 R 8—10 
nuclear reactions emitting light charged particles * , 
3 4 11-15 identification of charged particles in cosmic rays * ' , 
search for super heavy elements "" , neutron flux mapp-
21 22 23-25 
ing ' , neutron dosimetry , space radiation dosime-
26 2T 28 2Q 
try * , fission rate measurements in nuclear reactors * , 
30 31 life time measurements of heavy unstable nuclei * and 
32 
study of nuclear fission etc.)» in geophysics (age deter-
mination of minerals and glasses and estimation of their 
33 34 
uranium contents ' , estimation of uranium and thorium in 
geological samples , water and solutions etc.) and 
38 39 
uranium prospecting using radon and thoron dosimetry ' , 
40 41 
in geology and archaeology , in environment and life 
25 42 
sciences , medicine and biology (as microfliter for the 
filteration of blood cancer cells and the bacteria in beer 
43 industry , radon dosimeters for measuring radon emanations 
44—47 from building materials and in dwellings for health 
physics applications, microdistribution and microanalysis 
48 49-51 
of some typical elements like boron , uranium , 
, . ., . 52 1 ,53 1 . . 54 , . .,55,56 lithium , lead , plutonium , bismuth ' etc. m 
57 58 
metallurgical and biological samples ) and in many other 
fields. Thus, it can be concluded that solid state nuclear 
track detection technique has grown to such extent that 
there is hardly any branch of science and technology where 
SSNTDs have actually not been used or do not have poten-
59 tiality of applications 
2S 
2.2 HISTORICAL DEVELOPMENT 
Historically, the first fission tracks were discovered 
in the late 1950's by E.C.H. Silk and R.S. Barnes at the 
British Atomic Energy Research Establishment at Harwell 
(England). They exposed samples of crystalline mineral 
mica to ions produced by the fission of heavy elements. The 
ions were slowed and finally stopped through a series of 
interactions with the atoms in the crystal lattice of the 
mineral. As they did so, they left thin linear tracks that 
were visible at extremely high magnification. 
In 1958, nuclear tracks in dielectric solid were also 
reported by D.A. Young , when he observed etch-pits of 
fission fragments in a thick sample of Lithium Fluoride 
(LiF) using an optical microscope. Just a year later. Silk 
and Barnes published direct transmission electron micro-
graphs of latent damage trails produced in mica by the 
235 fission fragment of U. They observed the diameter of 
diffraction constrast images of the fission tracks =ilOO A.U. 
However, in the natural mica that they used,the tracks were 
seen for short duration because they faded quickly under 
the impact of electron beam of the electron microscope. 
Both these papers remained largely unnoticed until 1962, 
when one group of investigators, Price and Walker * 
working at the General Electric Research and Development 
Centre in Schenectady, New York repeated the observations of 
2B 
these earlier workers. Successively, they observed that 
the latent damage trails in mica could be preferentially 
etched and seen under an optical microscope * . Soon 
after Fleischer also joined the group of Price and pointed 
out that the spontaneous fission of the small amounts of 
uranium present as impurities in many different rocks would 
Q O O 
leave such tracks in crystals of the rock. U fissions 
at a characteristic rate and when it does so, the two halves 
of its nucleus recoil from each other and leave a charac-
teristic track. They also indicated that track etching was 
a general phenomenon and that the nuclear tracks could be 
etched and seen in glass as well as in plastics apart from 
the minerals * . After realizing the generality of track 
etching in several dielectric solids,group of these three 
scientists (Price, Walker and Fleischer) did tremendous work 
together at GEC on this new class of nuclear detectors and 
thus established a new field of the so called 'Trackology•. 
They also established the possibility of application of 
SSNTDs in nuclear science and geophysics. After the publica-
tion of first review paper of Fleischer et al. many 
scientists started working on SSNTDs and their applications 
in different laboratories which has led to the growth of 
fundamental knowledge and technological applications. 
Today SSNTDs are being used in over fifty laboratories 
all over the world. C.W. Naeser (U.S.A.), D. Lai and 
21 
R.H. Iyer (India), G.A. Wagner and R. Spohr (W. Germany), 
G. Somogyi (Hungary), H.A. Khan (Pakistan), L. Tommasino 
(Italy), M. Monnin and A. Chambaudet (France), Ching-Shen Su 
(China), E.V. Benton (U.S.A.). V.P. Perelygain (U.S.S.R.) 
and D.O'Sullivan (Ireland) are some of the scientists who 
have given important original contributions to this new 
field of Trackology. 
The importance of these SSNTDs can be realised from the 
fact that after the first topical conference on 'Dielectric 
Track Detectors' held at Clermont Ferrand (France) in 1969, 
such International Conferences on SSNTDs are being organised 
every year. Even in India National Seminar-cum-Workshop on 
SSNTDs is organised every two years since 1979 when it was 
held at Bhabha Atomic Research Centre, Trombay, Bombay. 
Another important index will be the data on number of 
papers published per year on SSNTDs. If one collects the 
data from the very beginning (1963 to 1988), it will be 
seen that there was a 'Quantum Leap' around 1963 when the 
generality of chemical etching was realised. A very sharp 
rise in the number of annual publications during 1965 to 
1975 showed an 'Avalanche' in the development and applica-
tions of these SSNTDs due to their recognized simplicity and 
many advantageous features. The period of 1970-1980 shows 
a 'Plateau' trend during which number of annual publications 
in this field is seen to be almost constant and mostly 
2S 
related to refinement in the technique and correct inter-
pretation of track data. From the data on annual publica-
tions between 1980-88 the 'Plateau' trend seems to continue 
but one finds changes in concepts and interpretations of 
the data specially in the field of geophysical applications 
and also in the theory of etchability and scanning of tracks 
f\ Q *70 
in plastics . 
SSNTDs have many useful features over other conven-
tional nuclear detectors (ionization chamber, proportional 
counter, Geiger Muller counter, cloud chamber, scintillation 
counter, nuclear emulsion, bubble chamber, spark chamber 
and semiconductor detectors etc.) some of which are 
enumerated below : 
(i) These are very cheap and can be obtained in very 
small as well as very large sizes. 
(ii) These can be conveniently used. 
(iii) These are insensitive to light rays. X-rays, fi-rays 
and y-xays etc. and do not require any dark room 
processing. 
(iv) Solids being robust do not require very careful 
handling. 
(v) A permanent record of particle tracks is obtained in 
them and can be left or stored for very long time 
unattended to under servere environmental conditions 
29 
like pressure, radiation background and extreme 
73 
mechanical vibrations 
(vi) These are threshold detectors and this property can 
be very usefully utilized for the detection of heavy 
charged particles such as fission fragments which 
can be recorded and distinguished from a very high 
4 
background of lighter charged particles like He, 
2 1 H, H, beta particles, X-rays, yi'ays and even 
neutrons. 
(vii) Using electron microscope to study nuclear interac-
tions in these detectors higher spatial and time 
resolutions may be achieved. Rapid electronic 
scanning techniques can also be used with these 
detectors, 
(viii) These detectors also possess the charge and energy 
discrimination properties. The resolution for high 
Z-particles obtained with plastic detectors has 
recently been reported to be better than that with 
nuclear emulsions. 
(ix) The etching process for revealing tracks in these 
detectors is very quick and simple as compared to 
nuclear emulsions. 
(x) Some solids themselves can be used as targets as well 
as detectors viz. plastics, while measuring neutron 
30 
flux using recoil nuclei and glasses and mica etc. 
in neutron fluence measurements using fission tracks. 
(xi) Due to the fact that the detectors can be placed in 
direct contact with the fission fragment sources, a 
very high efficiency and sensitivity can be obtained. 
(xii) The detectors have a considerable amount of geometric 
flexibility and are, therefore, particularly useful 
in angular distribution measurements. 
Besides the above advantages of the SSNTDs there are 
few basic disadvantages with them which are given below : 
(i) During the etching process only a part of the total 
etchable track length of the particle trajectory 
can be seen and the part that has been etched off 
can not be recovered. 
(ii) Although charge and mass resolution of particles has 
been possible with them, an accurate energy resolu-
tion has still not been possible. 
(iii) The monitoring of the experimental observations is 
not possible during the experiment. 
2.3 TRACK FORMATION MECHANISM IN DIELECTRIC SOLIDS 
It has been observed by all users of SSNTDs that 
certain particles produce tracks in a certain solid while 
31 
others do not, others may produce tracks in another solid 
and so on. The nature of a track formed in dielectric 
solid depends upon the intrinsic properties like mass, 
charge, velocity of the incoming particle and the composi-
tion of the solid. The charged particle tracks in solids 
are narrow (< 50 A° radius), stable and chemically reactive 
centres of strain that are composed mostly of displaced 
atoms rather than electronic defects , According to the 
experimental observations on (i) the measurement of effects 
of electron irradiation on chemical dissolution rates of 
solids and (ii) the measurement of radial distribution of 
etchable damage in solids, it has been found that two 
different mechanisms of track formation exist: one for the 
inorganic solids and glasses and the other for organic solids 
or polymers (plastics). Different investigators have 
proposed several models to explain the mechanism o£ track 
formation. These include direct atomic displacement model , 
ion-explosion spike model , thermal spike model , the 
77 
restricted energy loss criterion , the secondary energy 
78 loss criterion and the primary plus secondary damage 
79 
criterion etc. The ion-explosion spike model is found to 
be most suitable to account for etchable track formation in 
inorganic solids. 
2.3.1 FOR INORGANIC SOLIDS An inorganic solid consists of 
32 
a systematic array of atoms. When a heavy charged particle 
passes through a solid, it excites as well as ionizes the 
atoms of solid in its way. In the case of inorganic solids 
the primary damage that results from the excitation and 
ionization caused by the incident heavy ion is believed to 
be mainly responsible for the development of an etchable 
track i.e. for the higher chemical etchability of the damaged 
trails. There are strong evidences to accept that the 
secondary effects of delta rays are unimportant in inorganic 
80 81 
solids * . In fact the lasting thermally etchable damage 
consists of atomic disorder and vacancies. 
On the basis of ion-explosion spike model of Fleischer 
75 
et al. the tracks in the case of inorganic solids are 
believed to be formed in three steps as shown in Fig. 2.1. 
The incoming heavy ion first knocks out electrons from the 
atoms in its way, thus creating an unstable array of adjacent 
+ve ions (Fig. 2.1a). The charge centres or +ve ions, so 
produced, may produce secondary electrons or delta-rays from 
the atoms of the solid which may further produce excitation 
and ionization if they carry enough energy. The delta rays 
deposit energies around the trajectory of the incident 
particle. Then the +ve ions repel and thrust one another 
away from their normal sites into the interstitial positions 
in the crystal lattice, thus creating vacant lattice sites 
due to their coulomb repulsive forces (Fig. 2.1b). Thereafter 
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Fig. 2.1 (a) The incident heavy ion produces primary ionization along 
its trajectory. Thus leaving an unstable array of +ve 
ions, (b) The +ve ions so created repel and knock each 
other from their normal sites and move into the intersti-
tial space in the crystal lattice causing electrostatically 
stressed region, (c) The stressed region relaxes elasti-
cally and propagates the strain in side-ways, thus straining 
the undamaged matrix and producing latent tracks (After 
Fleischer et al. 1975). 
:^3 
the elastic relaxation reduces the intense local stresses 
by spreading the strain more widely (Fig. 2.1c). It is 
the creation of the long range strain in the third step 
that makes the observation of latent damage trails possible 
using the Transmission Electron Microscopy (TEM). The 
damage produced by atomic collisions consist of displaced 
atoms and resultant vacancies. According to the model the 
pressure due to coulomb repulsive forces inside the ionized 
channels must be greater than the force due to coherent 
attractive forces in the atomic lattice. Thus, if in a 
substance having an average atomic distance 'd', dielectric 
constant '£* and the average ionization produced 'n' unit 
charges, the pressure due to the coulomb repulsive forces 
(or electrostatic stress) between the two adjacent lattice 
2 2/ 4 planes will be n e /€ d , where e is the charge of the 
electron. The pressure due to the coherent attractive 
forces (or mechanical tensile strength) in the lattice is 
known to be Y/lO, where Y is the young's modulus of the 
solid. According to this theory the first condition of the 
latent track formation is 
r? e^ 
> T ^ 
R H 
or 
Y € d"^  
10 e^ 
2 
n > Y € d 
10 e^ 
• • • 
i d^ 
or n^ >  ' ^ ^. ... (1.1) 
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where R is called the stress ratio and should be a measure 
of the relative sensitivity of various track storing 
materials. Lesser the magnitude of the stress ratio larger 
is the inequality and more sensitive is the medium. 
75 
Fleischer et al. using the stress ratio as a para-
meter, predicted that plastics are more sensitive than 
glasses and glasses are more sensitive than crystals of 
minerals. The second condition for the formation of latent 
track is that the positive ions produced in the channel 
-13 
should not recombine with the electrons within ni 10 sec, 
the time required for the ions to be removed from their 
lattice points. It is possible only in those substances 
which have electron density less than 10 electrons/cm . 
Due to this the tracks cannot be produced in thick metal 
sheets. In very thin metal sheets steady tracks were 
83 
observed as the density of free electrons was different 
in them as compared to the mass substance. In metal films 
the appearance of tracks depends upon the structure and 
thickness of the layer. The third condition for the latent 
track formation is that the dielectric substance must have 
a low hole mobility in order to avoid recombination of 
ionized atoms and electrons. Therefore, tracks will not be 
registered in the materials whose hole mobility is greater 
than 10 cm /volt'sec. Hence, metals and several semiconduc-
tors (e.g. Ge, Si etc.) are also excluded from the list of 
35 
track storing substances. The tourth condition is that for 
the most successful method of track revealation (the selec-
tive chemical etching) available today, the developable 
areas destructed by incident particle must be continuous to 
the atomic extent along the trajectory of the charged 
particle. This requires at least one ionization per atomic 
plane created by the charged particle. 
2.3.2 FOR ORGANIC POLYMERS OR PLASTICS 
In case of organic polymers or plastics the atoms are 
arranged in a chain like structure. It is believed that 
both the primary and secondary ionization and excitation 
play roles in the production of etchable tracks. The excited 
atoms produced by the incident heavy ion leads to the break-
ing up of long molecular chains of the polymers. These 
broken molecular chains rarely reunite at the same place, 
rather they produce broken bonds and free radicals etc. 
which are chemically more reactive (Fig. 2.2). 
77 
The restricted energy loss criterion of Benton is one 
of the important criterion for track formation in polymers 
in which 6-rays play an important role and contribution of 
delta rays in depositing the energy sideways of the trajec-
78—84 
tory of the incident ion is very significant . The 
restricted energy loss is the portion of the total energy 
loss that produces delta rays of less than some specified 
Fig. 2.2 Track formation in organic polymers (plastics). 
The charged particle ionizes and excites the 
molecules, breaking the polymer chains. The 
chain ends rarely reunite in the same place, 
but usually react with oxygen or other dissolved 
gases in the polymer forming new species alone 
the particle's trajectory (shown by black dots" 
that are highly chemically reactive. 
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energy. Benton suggested that the part of the energy loss 
which goes into low energy delta rays is a useful quantity 
to describe the track damage densities in plastics. 
Originally Benton restricted the energy loss to that which 
is consumed in accelerating electrons to less than 1000 eV 
and later he suggested that a lower value of =: 350 eV would 
fit the results . 
2.4 TRACK HEVEALATION AND VISUALIZATION TECHNIQUES 
The techniques given below have been used for the 
revealation and visualization of charged particle tracks in 
dielectric solids ; 
(i) Track revealation in photochromic materials with 
the help of colour change 
(ii) Detecting the presence of latent damage trails in 
crystals using X-rays 
R7—8Q (iii) Track decoration or precipitation in minerals 
ano their observations with optical microscope 
using violet or near ultra-violet light. 
(iv) Direct observation of latent tracks in thin crys-
talline solids using Scanning Electron Microscope 
(Sa,)61-64,90_ 
91-94 (v) Grafting and dyeing of tracks in some selected 
plastics and their observation using optical 
:M 
microscope. 
(vi) Chemical etching for all types of SSl^Ds 
(glasses , plastics and minerals ) and their 
subsequent observation through optical microscope. 
96—99 (vii) Electro Chemical Etching (ECE) techniques . 
All these techniques have some drawbacks and limita-
tions associated with them. But the selective chemical 
etching technique is the simplest one and have been most 
extensively used. Electrochemical track etching method 
99 first proposed by Tommasino , seems to be a very elegant 
method for the amplification of various nuclear tracks in 
plastics and is desirable in numerous applications. An 
enlargement of nuclear tracks by this method to a size 
observable by the unaided eye may be particularly useful in 
the evaluation of plastic foils applied in neutron and alpha 
particle dosimetry or in the study of low-yield nuclear 
processes. However, in spite of its promising properties 
surprisingly few investigations have so far been carried 
out with a view to use this novel track revealing technique 
in practical applications ~ . Obviously one of the 
main cause is the lack of knowledge of the experimental 
parameters which may play prominent role in track etching 
by this method. Thus its applications are limited to some 
plastic track detectors only and for specific type of 
* 
nuclear tracks. It also requires high frequency and high 
:i8 
voltage circuit elements. The chemical etching technique 
of tracks revealation and their visualization using optical 
microscope is the simplest and convenient technique. It 
has been most widely used for all types of SSIsTTDs (plastics, 
glasses and minerals) from the very inception of their 
discovery. 
In the case of chemical etching technique, detector 
material containing radiation damaged region is immersed in 
a suitable chemical reagent (etchant) maintained at a 
particular fixed temperature as shownin Table - 2.1 for 
commonly used detectors. The material of lower molecular 
weight is attacked more rapidly than the surrounding bulk 
material of higher molecular weight . The etchant dissolves 
the bulk material of solid in general at a constant rate, 
removing the surface at a rate Vn known as bulk or general 
etch rate, while the material along the damaged region 
dissolves at a much faster rate Vj known as track etch rate. 
Since Vj is greater than Vg, after some time the preferential 
chemical attack enlarges the damaged region in the form of 
a conical etch-pit as shown in Fig. 2,3b. When the size of 
the etch-pit becomes comparable to the wavelength of visible 
light, it starts scattering the light and can be seen through 
an optical microscope having magnification 100 X or more. 
Thus Vn provides information about the chemistry of the 
o 
detector material and of the etching process while Vj provi des 
39 
Table - 2.1 
Etching conditions for some detectors 
Name of the detector Etching condition 
Soda lime glass 
Vitreous quartz glass 
Muscovite mica 
Makrofol-E 
Makrofol-KG 
Makrofol-N 
Makrofol-KL 
Lexan 
Melinex-0 
CR-39 
Hostaphan 
48;^ HF, 22 C 
48/. HF, 22°C 
48/. HF, 22°C 
6N NaOH, (50+1)°C 
6.25N KOH, (80+0.1)°C 
6N NaOH, (50+l)°C 
6N KOH, (60+1)°C 
6N NaOH, (60+1 )'^ C 
6N NaOH, (60+1)°C 
6N NaOH, (70+l)°C 
33/. 6N NaOH+33/. H2O+33/ CH3OH, 
(40+1)°C 
Phosphate g l a s s ION NaOH (50+1) C 
Unetched detector 
surface 
^Particle's 
I trajectory 
Etching Solution 
Etc h-pit\//Etched 
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surface 
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Fig. 2.3 The development process of a charged particle track 
in a plastic detector by chemical etching. 
<0 
information about the charged particle. 
Figure 2.3 shows the development of charged particle 
track by chemical etching process in an isotropic solid like 
glass or plastic, assuming that the preferential track 
etching starts just from the surface of the detector itself. 
The etched track remains conical till the etchant reaches 
the end of the particle's trajectory (Fig. 2.3c). After 
that the preferential etching along the trajectory ceases 
and the material etches at the same general bulk etch Vg all 
along the surface of the track hollow. The wall of the 
track remains conical but the end of the track becomes 
spherical (Fig. 2.3d). This is called the 'Transition 
103 Phase' . Prolonged etching will lead to a position where 
the conical walls of the track hollow will also vanish and 
the entire etched hollow will become spherical (Fig. 2.3e) 
known as 'Spherical Phase'. 
The shape and size of the track formed by chemical 
etching is influenced by many factors such as the direction 
of entrance of charged particle into the detector surface, 
type of charged particle, nature and crystal orientation of 
the detector material, the concentration and terr.perature of 
the etchant, the presence of impurity in the etchant and 
etching time etc. Since the shape of the track depends 
upon the angle of entrance, the track section of normally 
entering particles is in general circular and that of 
41 
obliquely entering particle is elliptical. Grazing tracks 
show conical projections for short etching time. The 
geometry of etched tracks for the isotropic as well as 
anisotropic solids in detail has been discussed by Ali and 
Durrani , Henke and Benton , Somogyi and Szalay and 
. 106 Somogyi . 
The visualization of charged particle tracks by 
chemical etching consists of the following steps : 
2.4.1 ETCHING 
Trial and error has played an important role in the 
selection of etching solution and other conditions. Sensi-
tivity of SSNTDs depends upon the nature of the etchant 
and etching conditions like temperature, time, • concentration 
and stirring etc. The etching conditions seriously affect 
107 the shape and size of the track 
(i) Etchant; An etchant is a solution of a definite 
concentration. The nature of the etchant depends upon the 
nature of tracks to be studied. The etchant should be such 
that on etching the irradiated detector, one gets well 
defined geometrical shapes* along the tracks which may be 
visible under an optical microscope. The concentration 
and temperature of an etchant determines the etching rates. 
(ii) Etching temperature; It has been observed that cone 
42 
angle decreases with decrease in etching terr,perature, 
suggesting an increase in the ratio of track to bulk 
etching rate , as the bulk etch rate Vg is known to be 
an exponentially increasing function of etching temperature. 
109 Fukui et al. have observed that the bulk etching rate is 
enhanced by a factor of three with increase in etching 
temperature through IOC. Hence the tei;.perature must be 
maintained constant within the limit + O.l' C or less during 
the etching. 
(iii) Stirring; Stirring plays an important role in the 
etching process. An etchant is mechanically stirred to 
maintain a uniform temperature and concentiration of etchant. 
Ultrasonic stirring is needed to diffuse the etch products 
in the etchant. Sometimes it is found necessary to conti-
nuously stir the etching solution. For this purpose the 
108 
etching flask described by Enge et al. may be used. If 
the detector is in the form of big sheets, special constant 
temperature etching tank having arrangements for automatic 
109 
stirring are used . For etching at room temperature 
flasks having magnetic stirrers or tanks having ultrasonic 
agitators are used. If the stirring arrangement is not 
available, interrupted etching must be used to reach the 
full etching time 
43 
2.4.2 WASHING 
After etching the detector has to be washed thoroughly 
in flowing tap water for 10-15 minutes and then with double 
distilled water. Glass detectors are usually finally 
washed with alcohol. 
2.4.3 DRYING 
The washed detector is picked up with a twizzer and 
is dried by keeping it at about 50 cm away in front of an 
infrared lamp or a hot air blower in order to avoid probable 
112 track fading due to heating . Detectors are also dried 
overnight in laboratory air at room temperature by some 
scientists. 
2.5 METHODS OF TRACK EVALUATION 
(i) By optical microscope; The tracks formed by chemical 
etching can be easily scanned under an optical microscope 
using ordinary magnification. In the case of normal or 
near normal incidence the microscope can be focussed on the 
surface of the detector where the intersection of the track 
with the surface is seen as dark circular spot. By changing 
the focus one can also look into the depth of the track. 
In the case of grazing incidence the real track shape can 
also be seen by changing the focus with the help of 
4 4 
microscope. The real tracks can be easily distinguished 
from the background scratches etc. in the detector. To 
find the track density or total number of tracks, area of 
etched detector surface is scanned using an eye-piece 
provided with a grid-marked graticule. The field of view 
is calibrated with the help of stage micrometer glass slide 
to find out the scanned area. A hand tally counter facili-
tates counting the number of tracks in the grid of the eye-
piece graticule. Track dimensions (diameter, projected 
track length etc.) which contain information about the 
.^ , , . _11,12,113-116 ^ u ^ -117-119 particle's charge Z , mass M and energy E 
can be measured with the help of filler type eye-piece 
micrometer in which very fine crosswires can be easily 
moved in the field of view. Dip or entrance angle of 
particle's track can be measured by using Z-axis motion 
screw of the microscope. Practically useful limit of visual 
scanning by optical microscope lie between 10 -10 tracks/an . 
& p 
When track density is more than 10 tracks/cm , the number 
of tracks in a given field of view usually scanned at 
400 X becomes very large and one is likely to make large 
errors in visual scanning by optical microscope. For a 
2 
very low track densities less than 100 tracks/cm , very 
large area has to be scanned and the process becomes very 
time consuming and tiring. 
120 (ii) By naked eye; Fleischer et al. developed a technique, 
45 
so called the Aluminium - Backed Plastic Detector Technique 
for counting low track density in irradiated specimen 
quickly by naked eye. In this technique an opaque coating 
of aluminium is applied on one side of thin plastic sheet 
whose thickness is less than the expected length of the 
particle tracks. It was etched from the side opposite to 
the aluminium coating. The damaged region was etched 
through and the etchant dissolved the thin layer of alumi-
nium making large holes in it which are then easily visible 
by naked eye. If the track density exceeds 100 tracks/cm , 
one large hole on aluminium may overlap with many small 
holes thus causing large error. 
121 
In another method known as Ammonia Scanning Technique , 
ammonia gas is made to pass through the track channels from 
one side of the plastic detector and reach a photosensitive 
copying paper placed on other side where upon it produces 
blue dots easily visible by naked eye. This technique is 
very useful for very-very low track densities viz. 
1 track/cm found in the study of primary cosmic rays 
using ballon flights. 
122 123 In Dye Pressing Method * , a dye is pressed 
through the etched holes in thin plastic detectors by 
placing the film on a filter or blotting paper. The dye 
passes through the holes and spreads out side-ways on a 
filter making large spots which are easily visible to naked 
46 
eye. This method is useful for track densities less than 
2 
10 tracks/cm . 
(iii) By gas flow or ionic measurements; This method is 
important only from historical point of view because its 
124 
results are not reproducible. In this method an irra-
diated specimen of mica serves as a barrier between two 
halves of a cell containing HF solution. The conductivity 
is measured as a function of time for several specimens and 
the reproducible curves are obtained. It can be used for a 
total number of tracks lying between 1 to 10 tracks in mica 
detector. 
(iv) By electron microscope and replicating techfiique; It 
5 2 is useful for very high track densities upto 10 tracks/cm . 
Very accurate track dimensions (cone angle (9) and critical 
angle of etching (6 ) etc.) measurements are possible using 
this method. 
(v) By reflectance and transmittance measurements; In these 
methods one finds the relationship between track density 
and the percentage of light reflected * or 
127 transmitted from the etched detector surface using other 
devices. No visual counting by optical microscope is 
necessary. These methods are useful within the range of 
4 7 / 2 track densities 10 -10 tracks/cm . Beyond these limits 
47 
the reflectance and transmittance measurements become 
irreprocucible and less reliable. 
(vi) By projection microscope or slide projector; The 
projection microscope is useful for quick, and routine 
observation of tracks. In this case, the tracks can be 
seen by naked eye on a screen attached to the optical 
microscope. Projected track length measurement can be done 
with the projection microscopes known as lanameters. 
2 5 , 9 Useful limits of track densities d 10 -10 tracks/cm can 
be measured by calibrating the field of view on the screen. 
Sometimes the transparent etched plastic detectors are 
themselves used as a slide in slide projectors. Very 
enlarged track images are seen on a white wall or screen 
4 6 
and are counted visually. Track densities between 10 -10 
tracks/cm can be usually measured by this method 
Recently, a technique for rapidly enlarging the fission 
tracks to diameter r=i 100 |im and project them on a screen 
was reported by Ajitanand and Iyengar . This is very 
useful in the cases where large area of plastic is to be 
scanned rapidly. 
(vii) By automatic scanning using electronic circuits; 
Some laooratories of advanced countries have started using 
129 
electronic circuits or computer controlled image 
130-133 
analysers , commercially available by such names as 
48 
Quantimate, Classimat and Leitz T.A.S. etc. for evaluation 
of track density and measurement of track dimensions. It 
is fairly reliable within the limits given by the optical 
microscope. Since these equipments are very sophisticated 
and expensive and require a fast working computer, they 
cannot be popularly adopted in developing countries. 
(viii) By automatic scanning using jumping spark technique; 
135 This technique was first introduced by Cross and Tommasino 
and has since been adopted by different track laboratories 
in the world in original or modified forms for quick and 
^ ^ ^ ^- • ^ 126.136,137 
automatic counting of tracks due to fission fragments , 
neutron and gamma ray induced recoil nuclei *" and even 
141-144 
alpha particles in thin plastic foils. 
In the original form of the jumping spark technique 
tracks are first developed as etched holes in a thin 
detector. This etched detector is then placed between a 
plane high voltage electrode and a thin aluminium electrode. 
Generally, an aluminized mylar plastic is taken in place of 
the thin aluminium electrode. A high d.c. voltage is 
applied between the two electrodes which causes a spark to 
pass through one hole. The aluminium of the aluminized 
mylar gets evaporated at the site where the spark has 
passed through, thus making the hole electrically isolated 
and prohibiting the passage of another spark through the 
49 
same hole. The spark, therefore, passes through another 
hole, thus jumping from one hole to another until it has 
passed through all the holes. The electrical pulses 
generated as a result of passage of the spark through the 
holes may be counted using pulse height analyser and scalar. 
The counting of tracks is primarily limited by overlapping 
of the evaporated holes in the aluminized mylar. The 
maximum track density that has been counted by this method 
3 
with an accuracy of +2'/. lies between (3 to 15) x 10 
tracks/cm depending upon the design of the instrument. 
For counting the large areas and low track densities A.C. 
134 Model of spark counters has also been developed . The 
spark counters can be relatively easily made and adopted. 
2.6 REGISTRATION THRESHOLD CHARACTERISTICS OF SSNTDs 
AW PLACE OF PLASTICS AMONG THESE DETECTORS 
Experimentally it has been found that the SSNTDs are 
threshold type of passive detectors. For example Muscovite 
mica and glass do not record the tracks of lighter charged 
particles viz. alpha particles and protons whereas they 
record the tracks of fission fragments and other ions 
20 heavier than oxygen. Similarly the mica records the Ne 
20 ions of energy upto 2 MeV, while the glass records Ne 
ions of energy upto 20 MeV. Among the plastics the 
polyethelene terephthalate plastic (Melinex) records the 
50 
tracks of fission fragments and heavier ions above oxygen 
and not those of alpha particles and protons. Bisphenol 
A-polycarbonate (Lexanj plastic records tracks of fission 
fragments and low energy alpha particle (below 'v 0.5 MeV), 
while it does not record the tracks of protons. 
The relative sensitivity of the SSNTDs is understood 
77,146 
145 in terras of critical value of primary ionization (J)- ^+ 
or critical value of restricted energy loss rate 
^^^^^crit. °^ ^HI^UXU) . • Therefore, for every SSNTD 
crit. 
there exists a critical value of material damage only 
above which tracks become etchable. This critical damage 
may be represented by (J)(,p^ + or (RE^)^<m • If a 
crit. 
particle produces an excitation and ionization in a SSNTD 
to such an extent that the resulting damage is above the 
(J)^^4+ or (REL)_^.. for that material, then its tracks 
can be preferentially etched and seen with the help of an 
optical microscope. If the damage produced by any particle 
is less than the critical damage (J)._-4. for that SSNTD, 
that particular particle's track cannot be etched in that 
SSNTD. These threshold or critical values are shown by 
145 horizontal lines in Fig. 2.4 after Fleischer et al. , who 
obtained these lines by practically detecting the registra-
tion and non-registration of tracks of accelerated heavy 
ions. The open circles represent non-registration, while 
the filled circles represent the lOO;^  registration. 
ENERGY/NUCLEON (MeV) 
50 100 200 300 
l'£TXQ«JI]C_MiN£L'>Ati_: 
0.4 0.5 0.6 
VELOCITY, ^ . v / c 
Fig. 2.4 Showing the threshold characteristics 
of various SSNTD according to the critical 
(dj/dx) criterion of Fleischer at al. 
(1957). 
51 
It can be seen from Fig. 2.4 that plastic detectors 
are most sensitive type of SSlsTTDs as the threshold repre-
sented by critical value of primary ionization (J)__-x is 
lower for plastics. Similarly the glasses are more sensi-
tive than mica and meteoritie minerals. Among the plastics 
themselves the Daicell CN is more sensitive than Nixon -
Baldwin. Melinex-0 is the less sensitive plastic than Lexan 
as seen from its higher value of critical primary ionization 
(J)« •+ • Recently CR-39 plastic track detectors have been 
crit. ' 
found to be the most sensitive SSINTTD so far known. This 
plastic is made by the polymerization of a liquid monomer 
of allyl diglycol carbonate. It has been found to record 
147 
even the tracks of 1 MeV protons 
The term of critical energy represented by E. for track 
registration can be understood by referring to Fig. 2.5, 
which shows the general nature of the primary ionization, 
J [or (RE^ )j^ <y or c^[x)(4)<oj 3 versus particle energy curve 
for a given ion ~X in a solid. The threshold damage for 
detection in that material is represented by horizontal 
line. As a high energy positive ion pc of energy E enters 
the detector surface, it slows down in the solid and 
accordingly the ionization (or damage) produced by it 
increases because J oC l/p , where P is the velocity of ion 
in terms of velocity of light. Just when its energy 
becomes equal to E , the damage produced by it becomes 
Primary 
ionization 
(J) 
Jc 
Energy (MeV) 
Fig. 2.5 Shiowing upper and lower critical threshold 
energies. 
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equal to the critical damage (J)__-. required for track 
registration. Its track can be etched from this point 
down to almost zero energy as over all this region of energy 
the damage produced by the ion remains more than the criti-
cal damage. Obviously the maximum etchable track length 
1 of the ion in that material will be equal to the 
max. ^ 
range of the ion of energy E. or in other words 1 =R(E-). 
C Hid X • C 
Here E is known as critical energy. Some times it is also 
referred to as upper critical threshold energy because 
148 there may be a lower critical threshold energy too . If 
the particle slows down, the ionization (damage) produced 
by it at very low energy towards the end of its trajectory 
may become so low that it is less than the critical damage 
J . In that case the point where the horizontal line will 
cut the curve near zero energy end will give the lower 
critical energy E . Thus the maximum etchable track length 
under this case will be equal to the difference of the 
range of the ion of energy E and E or in other words 
1 = P^ ^^ c^  " ^ ^^o^* -^"^  *^^ case of plastics especially, 
it has been found that the detection threshold J^  can be 
c 
changed to some extent by using different etching conditions. 
Hence the sensitivity of the plastic detectors can also be 
107 
optimized . E is also, therefore, found to be affected 
by etching conditions. 
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We have studied the registration characteristics 
for fission fragment tracks in some plastics 
(Chapter - IV). The damage produced by the ionization 
caused by fission fragments is very intense in the 
beginning of the trajectory and decreases towards the 
end. In the case of fission fragments the effective 
charge Z* = Z [l-exp(-130 ^/Z^^^)] of the fragment 
decreases as it moves on in the detector. Hence its 
primary ionization decreases towards the end of its 
149 trajectory 
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BASICS OF ETCHHD TRACK PROFILE PARAf^ ETERS 
3.1 INTRODUCTION 
The proQuction of a visible track in a solid state 
nuclear track detector involves two stages. The first is 
the production of a sufficiently intense and continuous 
radiation damage trail caused by the passage of a charged 
particle through the medium. The second stage is its 
revealation through the action of a selective chemical 
etchant which progressively enlarges these damage trails as 
the etching proceeds. The information about the charge, 
energy and range of the ionizing particle is inherent in 
the well measurable parameters of the etched tracks (track 
length and track diameter etc.) as a function of etching 
time. In other words the information about the charge, 
energy and range of the ionizing particle is inherent in 
the size, shape and rate of enlargement of the etch-pit as 
a function of etching time. We have seen in Chapter - II 
that the chemical etching of a particle's track in a solid 
depends upon the competition between the two etch rates viz. 
the track etch rate V^ and the bulk etch rate Vg. In the 
damaged region where the primary ionization J or restricted 
dp 
energyloss rate i^^)^^yf^ is greater than the critical 
value required for the detector material, the track etch 
rate V^ becomes greater than the bulk etch rate Vg- The 
r,6 
ratio of tv.o etch rates Vj/Vg is called the preferential 
track etch ratio V. This ratio determines many character-
istics of the etched tracks. 
In the following discussion about the geometry of 
heavy ion tracks in the isotropic solid such as plastic 
and glass, the bulk etch rate (VQ) in the medium and track 
etch rate (Vj) along the track have been assumed to be 
constant. Some specific terms like the critical angle 6 , 
track etching efficiency T)^ , activation energy of bulk 
and track etching En and Ej etc. are discussea. The 
methods commonly employed for the determination of two 
etch rates (Vj and Vg)» the two activation energies 
(ET. and En) and total etchable track length have also been 
discussed in brief. The details about these parameters 
1-4 have been described in the literature 
3.2 ETCHED TRACK PROFILES 
The geometry of charged particle's track depends upon 
two parameters. The first one is the chemical dissolution 
along the particle trajectory called track etch rate (Vj) 
and the second one is the removal of bulk material from 
the surface of the detector at a lesser rate called Bulk 
etch rate (VQ)^"^. Many workers"^ '^ '"^ '"^ "-^ ^ have tried to 
give expressions for etched track profile parameters. 
7 
Price et al. have given relation for the diameter of 
G7 
normally entering particles and also „for etchable track 
length and dimensions of elliptical intersection with the 
etched surface using constant V^ and Vg for isotropic solids. 
Henke and JBenton have given a set of very useful geometri-
cal relations in terms of experimentally measurable quanti-
ties. They have considered inclined tracks in isotropic 
solids having constant track etch rate V^ over the etchable 
2 9 
portion of track. Somogyi and Szalay and Somogyi have 
given a very detailed general theoretical description of 
track diameter kinetics for charged particles entering the 
detector at arbitrary angle in isotropic as well as in aniso-
tropic solids. The cases of constant Vj and varying V^ were 
considered separately. They have also suggested a new 
method for the determination of etch rate ratio V, entrance 
angle, range of the particle from a measurement of etched 
4 
track diameter. Ali and Durrani have emphasized three 
phases of etched tracks which they call as 'conical phase', 
'transition phase' and 'spherical phase' during the etching 
process in an isotropic solid. They have derived expressions 
to give the values of various useful etch-pit parameters in 
particular those connected with the surface openings in the 
three phases. The details of track etch profile parameters 
are discussed. Referring to Fig. 3.1(a),let a dotted line 
AB represent the latent damage trail along the trajectory 
of a charged particle entering an isotropic anc homogenous 
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solid detector surface SS making an angle b with its 
surface SS, known as the 'dip angle' or 'entrance angle'. 
It is assumed that the preferential etching of the track 
starts from the very beginning of the detector surface 
i.e. from A onwards Vj>Vu. This will be the case when, 
even at A, the primary ionization J is more than the 
critical value of primary ionization (J)__.+ needed for 
c xxx« 
that detector material. It is also assumed that Vy and Vg 
both have constant values at every point of the particle's 
trajectory. In the figure, it is shown that the etching is 
proceeding only from that side of the detector surface from 
which charged particle has entered. In a etching time t, 
a thickness VQ. t will be removed from the detector surface 
so that the new etched detector surface will be S'S'. The 
material along the particle's track will be etched upto AC 
during this time t so that the actual track length 
L = AC = Vj't. To find the shape of etched track, the 
concept of Huygen's wave construction has been applied and 
are 
tangents from C on the circlet drawn with A as centre 
and radius equal to Vg't = AG. Thus ICJ shows the etched 
track hollow in etching time t. If H be the point of 
tangent on the circle, then AH = AG = Vn,'t and the angle 
D 
AHC = 90 . Fig. 3.1(b) shows the projection of the etched 
track on the detector surface. Obviously, the opening of 
the track hollow will be elliptical for oblique incidence 
ne 
and circular in the case of normal incidence. The track 
opening on the etched detector surface in the case of 
normal incidence as shown in Fig. 3.1(c) will be circular 
having diameter IJ = d. 
The semi-cone angle 9 of the conical etched track will 
be given by 
s i n e = ^ - ^^'*-AC Vj't 
- ] VR 
or G = Sin - r p - . . . (3 .1) 
T 
The observed etched t r a c k l eng th DC = 1 (say) 
From F ig . 3 .1 (a ) 
1 = DC = AC - AD . . . (3 .2) 
From A A G D , we have 
V - t 
AD AD 
or AD - " 
Sin h 
on putting the values of AC and AD in Eqn. (3.2), we 
have 
1 = v^-t 2 
^ Sin 5 
V^-Sin 5 - VQ 
' = ^ Sin 6 ^ ^ ••• (3.3) 
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For the special case of normal incidence, 6 = 90 as 
shown in Fig. 3.1(c), the observed etched track length 
will be given by 
VT-Sin 90° - VR 
1 =t_I 5—^]-t 
Sin 90 
or 1 = (V^ - V3)-t ... (3.4) 
The expression for the diameter d = 2DI of the track opening 
in the case of normal incidence (Fig. 3,1c) can be deduced 
as follows : 
From A IDC, 
DI 
DC 
But from AAHC 
= t an e 
AH _ m 
VT^F^^TAH)" tan e - -j^ - /^—— 2 - = = = ^ 
DI _ AH 
DC .m^TTs 2—r:T7v2— fipcr - (AH)-
DI _ AH 
AC - AD fu^)2^r(:^)2-
or ^/2 ^ V ^ . 
(v^-t - Vg-t) y(v^-t)^ - (Vg-t) 
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2 V B .tf ''T^^ v^ + V ( 3 . 5 ) B 
Assume that the time required to etch the track to 
the end point B of i t s t ra jec tory is t (cal led the 
c r i t i c a l etching time) then 
m ( 3 .6 ) 
where L = AB, called the maximum etchable track length or 
etchable range of the particle in the detector material. 
The Eqns. (3.3) and (3.4) are valid till the time t^, 
while Eqn. (3.5) is valid beyond t , till the entire 
conical surface is etched out and the 'spherical phase' 
sets in Fig. 2.3(e) i.e. when the etched hollow becomes 
3 
totally spherical thus the time is given by 
t t ra 
V B 
9 
1 + 
(1-Sin 9) (Cos I + 
Cos 9 (Cos I - , 
Sin |) "1 
5in|) J 
The projected track length 1 on the etched detector 
surface S'S' for etching time t < t is given by 
DE = 1. (Fig. 3.1b) 
Usually, it is the projected track length 1 which is 
measured by a microscope using a filler type micrometer 
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eyepiece. 
Since from Fig. 3.1(a), 
1 
~ - = Cos 6 or - ^ = Cos S 
Hence the observed etched track length 
1„ 
1 = E ... (3.7) 
Cos 6 
Thus, if charged particles of a certain kind (fixed 
atomic no. Z, mass no, A and energy E) enters a detector 
surface at different entrance angle 6 > 6 (see article 3.3 
for S,J , the measured projected track length DE(1 ) will 
c p 
be different , although the actual etched track length 
DC = L should be the same. 
In actual practice it is difficult to etch the tracks 
just to the end of the particle's trajectory since the 
observations of etched tracks are made after suitable 
intervals of etching time. The track ends are seen to 
remain pointed for some etching time and then they become 
rounded off. When a little over-etching has been done 
beyond t = t , the situation will become as shown in 
Fig. 3,2. Thus, it is concluded that the shape of a cone 
inside a detector is determined by the relative values of 
V^ and Vg and the variation of V^ along the damaged region. 
Original surfoce 
• „ I "^  
S^XAX|AXXXXXXXXXXXXXXXXXXX 
1 • Etched surface 
xxxxxxxxxtvcxxxx 
Ag = Vg t /sin 8 
A o = V B ( t - t c ) 
^m= 'D/COS 6 • A s - Ao 
Fig. 3.2 Showing overetching and surface etching 
corrections for etched tracks (After Dwivedi 
and Mukherji 1979b) . 
V-o 
The opening of the track hollovv is elliptical in the case 
of oblique incidence and circular for the case of normal 
incidence as seen in Fig. 3.1(a) and 3.1(c). From Eqn. (3.5) 
it can be seen that the diameter 'd' depends on the rela-
tive magnitudes of Vj and Vn. Thus the track geometry can 
be divided into three cases : 
Case I : When V^ = Vg 
In this case there is no track formation. It is the 
case when the energyloss of the charged particle is less 
dF than (-ry) for that detector material. 
Case II : When V^ > Vg 
In this case the tracks will be etched to conical 
shapes (e.g. in glass detectors) and the diameter 'd' is 
related to V^ and Vn by the relation (3.5). 
Case III : When V^ >>> Vg 
In this case the etched tracks will be cylindrical. 
This is the case with plastic detectors and the track 
Diameter 'd' is given by the relation 
d = 2 Vg-t ... (3.8) 
The value of maximum etchable track length or maximum 
etchable range L of the particle track can be calculated 
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in terms of the measured projected track length 1 with 
the help of the following expression given by Dwivedi and 
Mukherjl , 
L = 2 + £ _ Vo(t - t ) 
"' Cos 5 Sin 5 B e 
(3.9) 
This formula can be easily understood with the help of 
Fig. (3.2) in which the surface etching correction ZV and 
overetcning correction ^ are self evident. 
If the ideal assumptions of constant V^ and Vn are 
valid, It follows from Eqn. (3.5) that the curve showing the 
variation of diameter of track opening with etching time or 
removed layer from single surface must be straight lines. 
Such nature of diameter versus etching time or diameter 
versus removed layer curves have been found in many cases 
13-17 
especially in the beginning of etching in plastics 
Any observed deviation from linear nature of initial part 
of d(t) or d(h) curves indicates that the assumed conditions 
of constant V^ and V^ are not satisfied in that detector 
under those etching conditions. 
According to Eqn. (3.3) the observed etched track 
length 1 should also be proportional to etching time upto 
12 
t = t . Dwivedi and Mukherji have found such propor-
tionality in the case of Muscovite mica, Lexan and Cellulose 
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acetate plastic for fission fragments entering these 
c 11 
detectors at known angles o. Farid and Sharma have 
reported similar trend for 0-ions in Makrofol plastic. 
3.3 CRITICAL ANGLE (5^) AND TRACK ETCHING EFFICIENCY {r]^^) 
For each detector material there exists a critical 
angle such that the incident charged particle entering the 
detector surface at an angle less than a certain minimum 
value of this angle called the critical angle (5 ), its 
track cannot be revealed by chemical etching although the 
condition Vj > Vg is satisfied. To understand it, suppose 
a charged particle is incident at angle S w.r.t. the 
detector surface SS as shown in Fig. 3.1(a). After the 
etching time t, the track length etched will be Vj*t and 
the thickness of bulk material removed will be Vo't. 
o 
Obviously, the recorded track will be observable only 
if the vertical component of V^*t i.e. V^'t'Sin 5jwhere 6 
is the angle of incidence w.r.t. to the detector surface,is 
greater than Vg't (Fig. 3,3). The value of critical angle 
§ is thus given by 
S m 0 
c V^ 
-1 VR 
or d = Sin (-rr^ ) ... (3.10) 
c v^ 
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The angle 6 depends on the detector etchant combina-
tion and the particle parameters. On comparing Eqn. (3,10) 
with Eqn. (3.1), it is seen that whenever the dip angle 5 
is equal to the semi-cone angle of the track, the track 
cannot be revealed by etching. 
The reason for the existence of the critical angle 6 
is the fact that when 5 becomes equal to 6 the projection 
of etched track length along the inner normal to the 
detector surface (Vj*t«Sin 5 ) becomes equal to the removed 
layer (Vn't) and so the entire etched track length is etched 
out in the layer removed (Fig. 3,3b). Similarly all tracks 
entering the detector at angles less than 5 will not be 
revealed on the etched surface because in those cases the 
surface is removed more quickly than the tracks develope 
(Fig. 3.3c), 
Because of the existence of a non-zero critical angle 
6 , the track etching efficiency for the SSNTD in 271-
geometry cannot be 100j<;, Obviously, those tracks will not 
be revealed by etching which enter the detector at angles 
h < h measured from the detector surface. 
To find the expression for etching efficiency T]^ in 
2T[-geometry, imagine a detector surface in contact with a 
given point source S emitting charged particles of fixed 
energy isotropically in all directions as shown in 
77 
Fig. 3.4. Track etch rate V^ is assumed to be greater than 
bulk etch rate Vn from the detector surface itself viz. 
for fission fragment tracks or any other particle producing 
primary ionization J > J^. Etching efficiency 1)2^ is 
defined as the ratio of number of particles entering the 
detector in the allowed solid angle (limited by 8 ) to the 
total solid angle 211 
But 
'2TI 
dA = 
N 
'A 
N 27t 
j^ o 
o 
Y d©' ( Y Sin 0' d(j)) 
'27; 
, ({) = 271 9' = -rt/2 
4) = 0 8' = 0 
- h. 
Sin e* d©' d(j) 
- ^ X 2ii (-Cos Q')^/2 - §^ 
^% o 
[Cos (-rt/2 - 6^) - Cos 0] 
-[Sin 6^ - Ij 
c •' 
or T)o = 1 - Sin 6„ 
'271 C 
(3.11) 
AS Sin 6^  = Vg/Vj from Eqn. (3.10)j^pjrae,s^ut to be 
Detector 
Fig. 3.4 Calculation of etching efficiency y]^^ 
having a critical angle of h , 
for a SSNTD 
IS 
Obv 
"2,^  = 1 - -77- ••• (3.12) 
iously, the greater the value of Vj/Vo, the 
smaller will be the critical angle 5 and the greater will 
be the etching efficiency ri^  for track etching in 
2ii-geometry. 
8 18 
Khan and Durrani and Belyaev et al. have described 
very useful methods of finding the efficiency and critical 
angles of SSNTDs. 
Thus it can be seen from Eqns. (3.1) to (3.5) that the 
semi-cone angle'©'of the etched track, its diameter 'd' and 
the observed etched length '1', all depend upon the track etch 
ratio V-r/Vg. The greater is the value of VJ/VQ» the smaller 
will be the cone angle '0', the larger will be the observed 
etch track length '1' and the track diameter 'd'. This 
ratio is very large in mica which, therefore,gives needle 
shaped tracks. In plastic detector also this ratio may be 
fairly high and hence long conical tracks are observed in 
many plastics. 
If Vj > Vn at the detector surface, the normally 
entering etched tracks will be revealed with 100/ effici-
ency. However, due to the etched out layers from the 
detector surface during track development it turns out that 
the efficiency of track revealation for inclined tracks is 
79 
not lOO/. 
Practically, it is found that Vj/Vn can be changed to 
some extent by using different etching conditions. Attempts 
are, therefore,made to select an etching condition which 
gives the optimum value of Vj/Vg so that the track etching 
efficiency may be maximum and long thin tracks may be 
obtained. In fact the sensitivity of a given SSNTD can 
also be altered to some extent by using different etching 
conditions. In other words the critical damage or threshold 
line in Fig. 2.4 can be displaced up or down for a given 
detector material by using different etching condi-
tions^^'i9-21^ 
3.4 TECHNIQUES GENERALLY EMPLOYED FOR MEASURSvlENTS 
OF TWO ETCH RATES Vg AND V^ 
3.4.1 FOR MEASUHE/wENT OF BULK ETCH RATE Vg 
The bulk etch rate, Vo is defined as the rate at which 
the undamaged material of the detector sample is removed 
by an etching solution. The following techniques are 
generally employed for the measurement of bulk etch rate 
of SSNTD ; 
(i) Thickness measurement technique : The detector sample 
80 
is thoroughly cleaned, washed and dried. Thickness of 
different parts of the detector sample is directly 
measured with the help of a dial type microthickness gauge 
having a least count of 1 \im or less, A region is selec-
ted and marked on the sample where the thickness is 
perfectly uniform. All measurements of thickness after 
successive etching intervals are confined in this region 
only. 
The actual thickness of the sample is measured in the 
Selected region. The sample is then etched under specified 
conditions for a fixed interval of time and thickness of 
the sample in the marked region is measured after successive 
etching intervals. The difference between the two thick-
nesses ( Ah) (before and after etching) gives the dissolved 
thickness of the sample in a known etching time. Ah/2 with 
respect to the actual thickness gives the layer removed 
from the single surface of the detector. Finally (Ah/2) 
is plotted as a function of etching time 't'. Generally 
14 
a straight line is obtained whose slope gives the bulk 
etch rate Vg 
(Ah/2) 
V = ... (3.13) 
^ At 
This method gives quick and reliable results but 
assumes that the bulk etching characteristics from both 
81 
the sides of the detector is the same. Some times the 
(Ah/2) versus ' t' curve is not found to be a straight line. 
22 This indicates a depth dependence of the bulk etch rate 
In such cases the slope of the different parts of the 
observed curve should be taken to calculate the bulk etch 
rate Vn at different depths. 
(ii) Mass measurement technique : This technique is also 
called the 'GRAVIMETRIC technique. In this technique the 
mass of a given piece of SSNTD of known surface area S is 
determined after successive etching by using a micro or 
semi-microbalance. When mass of the detector piece is 
plotted as a function of etching time, generally a straight 
line is obtained. The absolute value of slope of this 
curve {-TTz) can be used to find the bulk etch rate Vn by 
• 13 the expression 
VQ = 2 S/o ^ ""AT" ^  (^ m/min) 
(3.14) 
where A M , decrease in mass (in gm); /^t, etching time 
interval (in min); S, area of the detector piece (in cm ) 
and /'the density of the detector material (in gm/c.c). 
13 Dwivedi and Mukherji have used this technique for Lexan 
and mica. This method is more cumbersome and requires 
frequent use of a semi-microbalance. 
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(iii) Track-diameter measurement technique : This method 
is applicable in those cases where V^/Vn is much larger or 
in other words which show large track length to diameter 
ratio viz. mica, Lexan and some other plastics. From the 
track diameter Kinetics, the relationship between diameter 
•d' anc bulk etch rate Vp, can be expressed by the relation 
(3.15) 
where 
if 
d = 2 Vg-t 
^ ~ V 
V^ >>> Vg 
d = 2 Vg-t 
^•u-
or 
then o't ... (3.16) 
Eqn. (3.16) shows a linear relationship between track 
diameter 'd' and etching time 't'. Since V^/Vg >>> 1 for 
252 
fission fragments from Cf source and heavy ions in 
plastics, a plot of track diameter of fission fragments/ 
heavy ions against etching time will result in a straight 
23 line having the slope 2 Vg and hence Vg can be determined , 
This technique is applicable for plastics only and not for 
glasses, as in the case of glasses the condition of V >>> 1 
is not satisfied. 
B3 
(iv) Simultaneous measurement technique of track 
3 
diameter and etched track length : It can be proved 
by using the track geometry of normally entering track 
(Fig. 3.1c) that 
V^-t = -2- (tan e + Sec 9) 
= -4- (-^  + ^(d/2)^ f 1^ 
Thus Vo can be calculated if the diameter 'd' of track 
opening and the etched track length '1' are measured after 
a short etching time 't* for perpendicularly entering 
track. Since measurement of '1' for normally entering 
track is generally not so accurate, the technique has 
seldom been used. 
3«4.2 FOR MEASURHvlENT OF TRACK ETCH RATE V^ 
The track etch rate, V^ is defined as the rate at 
which the detector material is dissolved chemically along 
the damage trails of particle's trajectory. It may also be 
defined as the rate at which the tip of an etch cone moves 
along the latent track during etching process. It depends 
on the energyloss of the ionizing particle due to the 
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passage of which the latent track is formed. Generally 
four different kinds of techniques can be employed for the 
measurement of the track etch rate V^ for a given kind of 
particle in a SSNTD. 
(i) By the slope of track diameter versus etching time or 
removed layer : This technique is generally valid for 
all detectors if the slope of initial part of the track 
diameter versus etching time or removed layer from single 
surface of the detector ( Ah/2) curve is used. Eqn. (3.5) 
shows that for constant V^ and VQ, the track diameter 'd' 
is proportional to etching time 't' (since in actual 
practice V^ soon starts varying along the track, it is 
advisable to use only the initial slope of the d(t) curve). 
Theoretically, the slope of d(t) curve is given by 
(3.18) 
Since Vg is known, V^ can be calculated if the initial 
slope of the linear experimental 'd' versus 't' curve is 
measured. 
(ii) Track length measurement technique : In the case of 
obliquely incident particle at known angle and having long 
range viz. energetic heavy ion tracks in plastics, the 
A d 
A t = 2 V 3 ^ 
' ^T - ^B 
^T ^ ^ B 
S5 
3 
track etch rate V^ is generally found from 
t 
L = / V^ dt 
o 1 
or V^ = -||- ... (3.19) 
where 6L is the increase in etched track length in a small 
etching time 6t ' . It must be remembered that corrected 
etched track length must be used in this formula by using 
the surface etching correction in the etched track length 
which in its own turn is calculated from the knowledge of 
projected track length 1 and dip angle S. 
(iii) Simultaneous measurement technique of track diameter 
and etched track length : This technique is useful 
in the case of normally entering particle tracks. Using 
Fig. 3.i(c) it can be write from AAHC 
But from A IDC 
Cosec e = 
Cosec 9 = 
AC 
AH 
IC 
ID 
Vj*t 
^B-^ 
_ V(d/2)2 + l2 
d/2 
equating the two values of Cosec 0 
•y^ = -4- ii^/^f + 1^  ... (3.20) 
B 
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where 'd' is the etched track diameter and '1' the etched 
track length for t < t i.e. before rounding off of the 
track ends. Since Vg is known, V^ can be calculated by 
using measured values of 'd' and '1' in Eqn. (3.20). 
In actual practice, however, the measurement of etched 
track length '1' of the normally incident particle tracks 
is not so accurate due to larger value of least count of 
the z-axis screw of the microscope compared to that for the 
x-y motion in the filler type eyepiece which is used to 
measure etched track diameter and the projected track 
length. 
It can also be shown using Fig. 3.1(c) that for 
etching time t < t the track etch rate is given by 
V^ -*t' = -J-- Cosec 9 (tan © + Sec 9) 
v,.t = (/^ ^T i^^ TTy (-^ + Jw2)^IZ.) 
(3.21) 
From which also \' can be calculated if t,d and 1 are known. 
1 7 
Henke and Benton as well as Price and Fleischer have 
given formulae by which the 6,0 and L can be calculated in 
terms of the geometry of the track. They have also related 
Vy and Vg to experimentally measurable quantities for 
oblique incidence 5 more than 5 but less than 90°. 
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(iV) Track diameter measurement technique for fission 
fragments and that of a lightly ionising particle 
viz. high energy alpha particle : This technique is 
used only v.'hen the Vj of lightly ionising particles like 
proton or high energy alpha particle is to be measured. 
The plastic detector is irradiated with the lightly ioniz-
ing particles as well as heavily ionizing fission fragments 
entering the detector surface at right angles. 
For the a-particle track, the diameter after etching 
time 't' can be calculated as 
^a = 2 Vg-t ^ - ^ ... (3.22) 
where Vn has been already measured and V = Vy/Vn. 
Since for the fission fragment track Vj >> VQ) 
^f ^ '- ^B*"*^  •*• (3.23) 
On dividing Eqn. (3.22) by (3.23) and after squaring, it 
comes out to be 
2 
a _ V-1 
^ •" V-Hl 
d2(v+l) -- d^iV-l) 
V(ci2 _ ^2) ^ ^2 ^ ^2 
2 2 
V = 
f a 
1 + 
1 -
d2 
a 
d^ 
a 
or V = i — ... (3.24) 
i 
Thus by comparing d^^ to d^ and using above equation 
the preferential track etch ratio V can be calculated. As 
Vn is already known, Vj can be calculated. 
3.5 ACTIVATION ENERGY FOR BULK ETCHING AND TRACK ETCHING 
The bulk etch rate Vg of a SSNTD is a material para-
meter and for a given detector material it depends upon the 
contents of the etching solution, its concentration and 
14 20 temperature * . For a given detector etched in a given 
etching solution of a fixed concentration, the bulk etch 
rate is generally found to increase exponentially with the 
absolute temperature given by a relation of the form 
VQ = A e'h^^ ... (3.25) 
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where A is a constant, K is the Boltzmann constant 
(1.38 X 10"^^ j/0^ = 8.625 x 10~^ eV/Oj^), and E^ is called 
the activation energy for bulk etching. 
The track etch rate Vj naturally depends upon the 
material damage caused by the particle along its trajectory 
which in its own turn depends upon the primary ionization J 
or restricted energyloss rate (•riY)^ )/^  ^^^ hence on the 
particle's energy, its charge and mass. For the track of 
a given kind of particle in a given detector material etched 
in a given etching solution, the track etch rate also is 
generally found to increase exponentially with the absolute 
temperature of the solution and given by a similar type of 
relation 
V^ = B e~%/^^ ... (3.26) 
where B is a constant and Ej is called the activation energy 
of track etching. 
The values of activation energy for bulk etching and 
track etching can be obtained by plotting a graph of log^-Vp 
or log^^Vj as a function of IOOO/T. Such curves are found 
12.14 20 to be straight lines ' '^ "^  with a slope (m) that can be 
shown from Eqn. (3.11) to be given by 
Slope(m) = -5.035 En 
Egdn eV) = 0.1986 x | (slope) | ... (3.27) 
9ll 
S i m i l a r l y using the s lope of logj^^V^ versus IOOO/T c u r v e , 
the a c t i v a t i o n energy of t r ack e t ch ing w i l l be given by 
E j ( in eV) = 0.1986 x i ( s l o p e ) [ . . . (3 .28) 
When such measurements are done and the activation energy 
of bulk etching and track etching are calculated, it is 
found that the activation energy for track etching is 
smaller than the activation energy for bulk etching i.e. 
Ej/Eg < 1. Farid and Sharma''""'" have found EJ/EQ = 0.97 for 
0 ion tracks in Makrofol plastic. Such results confirm 
these contention that ionizing particle produces material 
damage i.e. it primarily lowers the activation barrier for 
scission and removal of polymer molecules. In other words 
a fraction of the energy dissipated by the incident charged 
particle is stored in the material and puts the damaged 
material into a higher energy state where it is more suscep-
tible to chemical attack, making V^ > V n . 
In actual practice the track etch rate V j , being a 
function of primary ionization J or restricted energyloss 
rate ("nvOj. ^ ^^ of the particle, is not constant at every 
point of the track inside the detector. It may be taken to 
be practically constant only at two very near points on the 
trajectory viz. the beginning of track etching. In the 
case of alpha particle tracks in plastics, V^ is found 
2*^5 
to increase towards the end of the track ' while in the case 
HI 
of fission fragments and other heavy ions Vy is found to 
decrease towards the stopping end due to continuously 
2 
decreasing effective charge . Fig. 3.5 shows the expected 
track shapes in the case of alpha particles and fission 
fragments taking variable Vj. The shaded width of the 
latent track is proportional to the material damage at 
that point or to the track etch rate V^. 
3.6 KNOWN ENVIHUN?v^ ENTAL EFFECTS ON BULK AND TRACK ETCH 
RATES 
Both bulk and track etch rates have been reported to 
be affected by environmental conditions viz. pre and post 
irradiation annealing "" , presence or absence of oxygen, 
ozone, nitrogen and other gases, irradiation with ultra-
violet light, electrons, X-rays and gamma rays etc. ' ~ , 
14 37 
state of stirring ' and effect of low temperature etc. 
Because of the environmental effects on V-r. and Vn, the 
track etching efficiency TI2 , the etched track semi-cone 
angle 9, the critical angle 5^, the sensitivity and other 
track revealing characteristics of the SSNTDs are also 
changed. The degree and kind of effects are different for 
different detector materials and also for different kind 
3 
of particles . The effect of elevated temperatures on 
latent fission tracks in minerals and glasses is mainly to 
reduce their size (track diameter, track length) and track 
Fission track Unetched surface Alpha track 
(a) (b) 
Fig. 3.5(a) When damage density decreases towards the end of 
the track, the track profile is convex outward; 
(b) When damage density increases towards the end of 
the track, the track profile is concave outward. 
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density. Laboratory track annealing experiments " have 
provided valuable techniques of correction that has to be 
applied in the fission track dating technique. The plastic 
track detectors being most sensitive, show large variation 
due to environmental effects. The important conclusions 
about environmental effect on plastic track detectors are 
given in Table - 3.1 experienced by some investigators. 
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STUDIES OF FISSION FRAGMEINHT TRACKS IN PLASTIC DETECTORS 
4.1 INTRODUCTION 
Now-a-days several kinds of plastic detectors are known 
which can record the tracks of charged particles. Some of 
the plastics in common use are Cellulose nitrates, Cellulose 
acetates, Cellulose triacetates, Polycarbonates, Polyethylene 
terephthalates etc. Table - 4.1 gives the list of some well 
known plastic detectors in order of increasing sensitivity 
along with their chemical composition and the least ionizing 
ion that has been detected by them. It is seen that the 
CR-39 and Cellulose nitrate plastics can even record the 
tracks of protons while polycarbonates cannot record them. 
Although the polycarbonates (Lexan, Makrofol etc.) do not 
record the etchable tracks of protons, they are capable of 
recording the tracks of low energy alpha particles and all 
other heavier ions and fission fragments. Similarly poly-
ethylene terephthalate plastics like Melinex-O and Cronar 
do not record the tracks of alpha particles and protons but 
they do record the tracks of ions heavier than B. Such 
threshold characteristics of polyethylene terephthalate 
plastic detectors can easily be understood with reference 
to Fig. 2.4 and can be very usefully utilized for the 
detection of fission fragments without recording the tracks 
of lighter charged particles like alpha particles, protons 
9.9 
Table - 4,1 
List of some plastic track detectors in order of 
increasing sensitivity 
yx^rr. ^* „i,^ + ^ ^ ^^ + ^ ^4.^^ Chemical Least ionizing 
Name of plastic detector ^^„^«,^^4-^ i ^^ ^«4-^^ + .,r^  
'^  composition ion detected 
Polyethylene 
Polyvinylchloride (PVC) 
Polyimide 
Polyethylene terephtha-
late (Cronar, Melinex, 
Mylar) 
Polyoxymethylene (Delrin) 
Bisphenol A-polycarbonate 
(Lexan, Makrofol, Kimfol, 
Merlon) 
Cellulose triacetate 
(Cellit-T, Triafol-T, 
Kodacel TA-401 
unplasticized) 
Cellulose acetate CioHioO-, 3 MeV "^ He 
CH2 
C H ' J C I + C Q H Q C 1 
C11H404N2 
C5H4Q2 
CH20 
^16^14^3 
C3H4O2 
Fission fragments 
42 MeV ^ ^S 
36 MeV ^^0 
28 MeV """^ N 
28 MeV "^ "^ B 
0.3 MeV ^ He 
3 MeV ^ He 
Butyrate '12"18"7 
Cellulose nitrate C.HOOQN-P 0.55 MeV H 
(Daicell, Nixon- o o v ^: 
Baldwin) 
Polytech CR-39 ^12^18^7 "'• ^^^ proton 
i o n 
e t c . Lexan ( t r a d e mark of General E l e c t r i c , U.S.A.) has 
the Scime chemical composi t ion as Makrofol ( t r a d e mark of 
Bayer, W. Germany), Both p l a s t i c d e t e c t o r s have been widely 
used fo r the d e t e c t i o n of f i s s i o n f ragments . Mel inex-0 
p l a s t i c used in the p r e s e n t i n v e s t i g a t i o n s seems to be 
b e t t e r than Lexan and Makrofol p l a s t i c s as i t cannot r e co rd 
the t r a cks of alpha p a r t i c l e s . Also the background e t c h -
p i t s developed due to imper fec t ions and s c r a t c h e s in t h i s 
p l a s t i c are much l e s s and e a s i l y i d e n t i f i a b l e than those in 
the case of Lexan and Makrofol e t c . 
In t h i s c h a p t e r , r e s u l t s of the s t u d i e s on bulk and 
t r ack e tch r a t e s of d i f f e r e n t p l a s t i c d e t e c t o r s v i z . CR-39, 
252 Mel inex-0 , Lexan and Makrofol-KL exposed to Cf fo r f i s s i o n 
fragments are d i scussed ior applyitythem fo r the m i c r o a n a l y s i s 
of uranium i n c e r t a i n m a t e r i a l s of common use by r e c o r d i n g 
f i s s i o n t r a cks from the ( n , f ) r e a c t i o n s . 
4 . 2 EJCPERIMENTAL DETAILS 
4 . 2 . 1 PLASTIC DETECTORS USED AND THE SOURCE OF FISSION 
FRAGMENTS 
Table - 4 . 2 g ives the d e t a i l s of the p l a s t i c s used in 
the p r e s e n t i n v e s t i g a t i o n s . 
252 A p lanche t type of Cf spontaneous ly f i s s i o n i n g 
source obta ined from Oak Ridge Nat iona l Labora tory , 
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Tennessee 37830, UbA was used. The original activity of 
the source on the date of shipment was about 1 |iCi. The 
-12 252 
source contained 27x10 gm of Of deposited on a 
circular area of diameter 1 cm on a nickel planchet of 
diameter about 3 cm and thickness 0.01 inch. 
This source provides fission fragments as well as 
6 MeV alpha particles. The source required about 24 hrs of 
3 
irradiation to get a track density of the order of 10 
9 252 
fission tracks/cm . The fission fragments emitted by Cf 
have a continuous spectrum of mass, charge and energy and, 
therefore, cannot be used for exact calibration of the 
252 
detector. Important data of Cf source of fission frag-
ments are given in Table - 4.3. The plastic detectors were 
exposed with fission fragments to find out the etching 
characteristics of the plastic detectors for subsequent use 
to determine the uranium content. 
1 252 Some of the important properties of Cf source are 
given below : 
(A) MODES OF DECAY 
( i ) Alpha emission : 96.9;^ 
( i i ) Spontaneous f i s s i o n : 3.1/< 
(B) HALF LIVES 
( i ) Alpha emission : 2 .731 Yrs 
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(ii) Spontaneous fission : 85,5 Yrs. 
(iii) Effective half life : 2.646 Yrs. 
(C) ENERGY OF EMISSION 
(i) Alpha emission 
(ii) Fission fragments 
(iii) Neutrons 
(iv) Gamma rays 
(D) SPECIFIC ACTIVITY 
(i) Alpha emission 
(ii) Spontaneous fission 
(iii) Total 
Average alpha energy is 
6.093 MeV. 
The energy of fission frag-
ments varies from 0.5 to 
1.0 MeV/N. 
They mainly arise from 
spontaneous fission and cover 
the energy range upto 13 MeV. 
The average number of neutrons 
per fission is 3,76 and ave-
rage neutron energy is 
2.4348 MeV. 
They include prompt fission 
and equilibrium fission 
product gamma rays having 
energy range upto 6.5 MeV. 
1.92x10 disintegration/gm/sec 
6.14x10 disintegration/gm/sec 
13 1.98x10 disintegration/gm/sec 
The most probable masses corresponding to light and 
252 heavy fission fragment groups from Cf are 108 and 142 amu 
respectively. As the mass of the fragment goes on increasing, 
J 05 
its kinetic energy goes on decreasing due to the conser-
vation of momentum. 
4.2.2 IRRADIATION AND ETCHING 
The plastic detectors were cut into the size 2 cm x 
252 2 cm and exposed to Cf fission fragments source in 
almost 2u-geometry. The air gap between the source and the 
detector surface was equal to the thickness of a computer 
card and it reduced the energy of fission fragments by 
about 1 MeV. Thus the recorded fission fragments were 
almost of full energy but entering in the detector at all 
angles. Obviously, only those fragments could give etcha-
ble tracks whose entrance angle was greater than the 
critical angle for the detectors. 
Before etching the area and the surface where the 
tracks are to be expected was marked with a sharp needle. 
This greatly helps later in finding the etched tracks under 
the microscope. 
The etching conditions used for the fission fragment 
tracks in different plastics are summarized in Table - 4.4. 
The time at which the fission tracks first appeared having 
measurable dimensions is also mentioned. The solution was 
made in double distilled water and solution container was 
covered in order to avoid quick changes of the solution 
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normality throuqh the evaporation of water. The etching 
was done by hanging the detectors in the etching solutions 
contained in a conical flask and maintained at a constant 
temperature with +0.1 C accuracy by placing it in an 
ultrathermostat. No stirring was done but interrupted 
etchings of definite intervals (5 to 60 minutes) were used 
2 
to avoid the effects of etch product layers . After each 
interval of etching the detectors were washed thoroughly in 
flowing tap water for 10 to 30 minutes. The tap water 
quickly stops the etching of the left-over etchant on the 
detector. After washing with tap water, the detectors 
were again washed briefly with double distilled water and 
then dried by putting them at a distance of -^  50 cm away 
from an infrared lamp, before observations under a 
microscope. 
4.2.3 MEASUREMENTS 
The thickness of the premarked positions of the plastic 
detectors was measured before and after each etching 
interval using a Japan make dial type thickness gauge hav-
ing a least count of 1 \xm. The thickness data are the 
average of at least 30 measurements at different places 
carried after each etching interval. These measurements 
were used to find the bulk etch rate Vr,. The diameter of 
circular track openings (minor axis in the case of oblique 
]ii8 
incidence) was measured by a screw micrometer eyepiece 
(OK 15 KM) having a least count of 0.2 urn at a magnifica-
tion of 600 X. The track diameter data in these results 
are the average value of measurements made at least on 
100 tracks. The track length data are the average of 100 
measurements made on the longest observed tracks in a field 
over 100 different fields of view. The error bars in these 
measurements shown in the graphs are of the size of the 
circles enclosing the observed points. Most of the measure-
ments were made using the Olympus binocular research micro-
scope. 
The projected track lengths of longest tracks observed 
in a field of view was also measured using the micrometer 
eyepiece (least count = 0.2 i^m) at 600 X. 
For the measurement of track density the microscope 
eyepiece was provided with a square graticule whose area was 
calibrated with the help of a Japan make stage micrometer 
glass slide. 
4.3 RESULTS AND DISCUSSION 
4.3.1 FISSION TRACKS IN CR-39 PLASTIC 
Bulk etch rate and diameter measurements : Table - 4.5 
shows the observed data of average values of thickness and 
diameter of fission fragment tracks in Polytech CR-39 plastic 
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etched in 6N NaOH at 70°C. Thickness was measured at 
30 different places and the average value is reported in 
the table. The diameter data is the average value of 
measurements made on at least 100 fission fragment track 
openings (both due to lighter and heavier fragments). 
252 In CR-39 plastic detector, irradiated with Cf 
spontaneously fissioning source, the tracks due to fission 
fragments and 6 MeV alpha particles could be easily 
identified. The fission fragment track diameters were much 
larger than those of the 6 MeV alpha particle tracks which 
appeared as mere dots (^ 4 lam) after 2 hrs etching. In 
actual practice the measurement of projected track length 
of fission fragments did not seem to be possible in 
Polytech CR-39 plastic because most of the tracks showed 
almost circular opening. This may be due to large value of 
critical angle S for this detector. 
The data of Table - 4.5 are displayed in Figs. 4,l(a to 
d). From Fig. 4,1(a) it is clear that the thickness first 
decreases slowly and then very fast after 3 hrs. From 
Fig. 4.1(b) one observes that the layer removed from single 
surface of the detector versus etching time curve is not a 
straight line. It means that the bulk etch rate VQ of this 
o 
detector is different at different etching time or in other 
words it is depth dependent. The average value of bulk 
etch rate Vg upto first two hrs of etching is found to be 
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Fig. 4ol Showing variation of (a) average thickness and 
(b) removed layer from single surface of the 
Polytech CR-39 detector with etching time, (c) 
track diameter of 252Qf fission tracks with 
etching time and (d) track diameter of 252cf 
fission tracks with removed layer from single 
surface of Polytech CR-39 (etched in 6N NaOH, 
700C}. 
in 
cii 0.8 t^m/hr, but after that it increases exponentially 
being 6.25 i^m/hr at 3 hrs, 16 ^m/hr at 4 hrs and so on. 
Such depth dependence of VQ has also been reported by many 
3-6 
earlier workers 
Fig. 4.1(c) shows the diameter growing curve for fission 
fragment tracks. Theoretically such a curve should be a 
straight line in the beginning of the etching if V^ and Vg 
are constant . J3ut in this case, the observed deviation of 
points from straight line is due to the depth dependence of 
Vn- This point is clearly brought about in Fig. 4.1(d) 
D 
which is a plot of diameter of fission fragment tracks 
versus removed layer from single surface of the CR-39 
detector. Knee bends in Figs. 4.1(c) and (d) correspond 
to the phenomenon of variation of Vg with depth as observed 
in Fig.. 4.1(b). 
4.3.2 FISSION TRACKS IN LEXAN PLASTIC 
Bulk etch rate, diameter and projected track length 
measurements: Table - 4.6 presents the observed data of 
average values of thickness of the detector, track diameter 
252 
and projected track length for Cf fission fragment 
tracks recorded in Lexan plastic detector etched in 6N NaOH 
at 60 C as a function of etching time. It is observed 
that the thickness of this detector decreases with etching 
time (Fig. 4.2a). Further plot of removed layer from the 
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Fig. 4.2 Showing variation of (a) average thickness and 
(b) removed, layer from single surface of the Lexan 
detector with etching time, (c) track diameter and 
(d) projected track length of ^ ^2Qf fission tracks 
in Lexan with etching time (etched in 6N NaOH at 
60°C). 
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single surface of the detector as a function of etching 
time (Fig. 4.2b) is a straight line. The slope of the 
straight line gives the bulk etch rate VQ which comes out 
to be 0.71 u^n/hr for Lexan plastic detector. This value 
of bulk etch rate VQ is in good agreement with the value 
Q 
0.70 [im/hr reported by Enge et al. under identical condi-
tions. The observed fission tracks were long and thin in 
the case of Lexan plastic detector resembling the shape of 
match-stick. The track diameter or minor axis of the track 
openings was quite small (<2 i^m) but the projected length 
to diameter ratio was much larger. Fig. 4.2(c) shows the 
diameter growing curve of fission fragment tracks in Lexan 
plastic detector which is a straight line since diameter 
linearly increaseswith etching time as also observed by 
9 
earlier worker . 
Fig. 4.2(d) shows the variation of projected track 
length of fission fragments in Lexan plastic detector as a 
function of etching time. The value of V^ calculated from 
the data of projected track length comes out to be 14.93 
^m/hr. Thus the etch rate ratio V becomes equal to 21,02. 
This value gives the values of critical angle S = 2.7° 
and an etching efficiency r)^^ = 95.2/. for this plastic 
detector. These values are in good agreement with those 
reported by earlier workers 
IH 
In actual field of view the track ends appeared to 
remain conical only upto an etching time of 45 minutes 
after which the conical ends started rounding off. Also 
the 1 /d ratio is seen to decrease (Table - 4.6) beyond 
45 minutes etching time when the over-etching of track sets 
in. Hence the most appropriate etching time for fission 
tracks in Lexan plastic detector is decided to be 45 
minutes of etching in 6N NaOH solution maintained at 60 C. 
4.3.3 FISSION TRACKS IN MAKRQFQL-KL PLASTIC 
Lexan, a polycarbonate manufactured by G.E.C. in USA 
has been widely used as a fission fragment detector. The 
same product is manufactured by different process, as 
Makrofol by Bayer in Germany. Makrofol-KG did not have 
the same characteristics as Lexan and also various types of 
Makrofol (KL, KG, E, N, ) produced by different 
processes of manufacturing are expected to behave in 
13 different way . It was thought worthwhile to undertake 
a study of Makrofol-KL as SSNTD as other Makrofols (E, N 
and KG) have been thoroughly studied. It contains a slight 
amount of a colour dye and is prepared by a casting 
14 process whereas Lexan is an extruded product * 
Bulk etch rate, diameter and pro.jected track length 
measurements; Makrofol-KL detector was etched in 6N NaOH 
115 
as well as in 6N KOH solution and it was observed that 
KOH seems to be better etchant than NaOH. In the KOH 
solution of the same concentration, the first track 
appeared after 5 min. etching while in NaOH solution they 
appeared after 30 min. etching (Table - 4.4). The etching 
behaviour of Makrofol-KL was found to have the same type 
of dependence on concentration and temperature of the 
13 
etchant as observed in Makrofol-KG 
The measured data of average values of thickness of 
the plastic, the track diameter and projected track length 
252 
of Cf fission fragment tracks recorded in Makrofol-KL 
plastic detector etched in 6N KOH at 60 C as a function of 
etching time are presented in Table - 4.7. The data of 
Table - 4«7 are displayed in Fig. 4.3(a to d). From 
Fig. 4.3(a) it can be seen that the thickness decreases 
with etching time. Fig. 4,3(b) shows the removed layer 
from single surface of the plastic as a function of etching 
time which is a straight line. The value of bulk etch rate 
Vg comes out to be 2.04 |im/hr. Observed fission tracks 
were long and thin in this plastic detector resembling in 
the shape as observed in the case of Lexan plastic detector. 
The track diameter or minor axis of the track openings was 
small (<3 \xm) but the projected length to diameter ratio 
was much larger as also observed in Lexan plastic. 
Fig. 4.3(c) shows the diameter growing curve of fission 
I 
d) 
. H 
JQ 
05 
H 
U 
O 
O 
vO 
-P 
m 
X. 
o 
2 
C 
•cH 
X) 
x: 
u 
+J 
OJ 
O 
-P 
U 
<U 
- P 
OJ 
n 
o 
to 
-p 
en 
a 
I 
o 
o 
03 
c 
•H 
W 
c 
o 
•H 
-P 
> 
M 
0) 
U5 
X! 
O 
x: ^-^ 
-P -D 
Di I • \ 
•a c m a 
0) (D -H <—< 
+J r-t T3-—' 
O 
0) ^ J^ M O 
•>") U U <D -H 
O 03 OJ -P +J 
(H M M Q) m 
la, -p H e M 
] ] 8 
<u 
D 
0> 
> 
^ O; o 
V 
M-
a> CT' Oi +J 
03 M 
M -P 
Q) 
0)-
e (0 
> ifH -H 
< O •o 
e 
a 
(U 
D T 3 r ; 
•H QJ -P 
(0 4-> 
> o 
0) 
Di 
c 
a>-0) •'->'-i 
CTi O 
OJ ( H ^ -
M a OJ 
> fn 
< o 
o 03 
(-1 
-P 
-^ S i 
6 <N 
>^ 
<D M O 
a OJ 03 M 
H ><<+-. O. 
03 m M+> 6 
(UXl -P 
e n <u OJ (p 
03 > rH "O 
H o en 
QJ e c a> 
> a; -H x: 
< M w +J 
w 
0) 
0 3 ^ e 
< - p 
en 
c 
•H 
r: 
u 
-p 
OJ 
H 
UJ - P -
r^  
• 
r-
vO 
• 
vO 
CT' 
4» 
lO 
o 
• 
LO 
iD O 
CN CM 
OJ sO 
OD OJ CO 
lO 
iD 
n 
in 
'vT o lO o sO 
tD 
00 
iD 
o 
o 
o CO 
r-
o 00 CO 
vO 
O u") O iD O 
- I OJ lO oi o 00 
2-5 
E 2 
£ 
o 
10 20 30 LQ 
Etch ing t ime (m in ) »• 
(c) 
10 20 30 CO 
Etching t ime (min)—>-
10 20 30 
Etching time (min) 
10 20 30 
Etching time (min) 
Fig. 4.3 Slnowing variation of (a) average thickness and 
(b) removed layer from single surface of the 
Makrofol-KL detector with etching time, (c) ti 
diameter and (d) projected track length of 25. 
fission tracks in Makrofol-KL with etching time 
(etched in 6N KOH at 60°C). 
ack 
•Cf 
117 
fragment tracks. This curve does not start linearly from 
t=o. This feature is expected theoretically because of 
the fact that the fission fragments deposit very large 
amount of energy in the beginning of their trajectory and 
thus energy loss decreases as they penetrate deeper and 
deeper into the plastic. 
Fig. 4.3(d) shows the variation of projected track 
length of fission fragments as a function of etching time. 
The value of Vj calculated from the data of projected track 
length comes out to be 31.68 nm/hr. Thus the etch rate 
ratio V becomes equal to 15.52. This value gives the values 
of critical angle b = 3.7° and an etching efficiency 
15 
Tl^  = 93.5>i for Makrofol-KL plastic detector. These values 
lie in the same range as obtained for Makrofol (KG, E, 
j^j 10-12,16,17^ The most appropriate etching time for 
fission tracks in Makrofol-KL plastic detector is decided 
to be 25 minutes for etching in 6N KOH solution at 60 C. 
4.3.4 FISSION TRACKS IN ^ AELINEX-0 PLASTIC 
Bulk etch rate, diameter and projected track length 
measurements; Table - 4.8 presents the measured data of 
average values of thickness of the plastic, the track dia-
252 
meter and projected track length of Cf fission fragment 
tracks recorded in Melinex-0 plastic detector etched in 
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6N NaOH at 60°C as a function of etching time. It is 
observed from Fig. 4.4(aj that the thickness of Melinex-0 
plastic detector decreases with etching time. The removed 
layer from single surface of the plastic detector as a 
function of etching time shows a linear relationship 
(Fig. 4.4b). The slope of the straight line gives the 
bulk etch rate Vg as 0.84 i^m/hr. Fig. 4.4(c) shows the 
diameter growing curve of fission fragment tracks. This 
curve does not start linearly from t=o as also observed in 
the case of Makrofol-KL. 
Fig. 4,4(d) shows the variation of projected track 
length of fission fragments as a function of etching time. 
The value of track etch rate Vj calculated from the data of 
projected track length comes out to be 8.4 p,m/hr. Thus the 
etch rate ratio V becomes equal to 10.0 which gives the 
, ^ ^ as 5.7 leading 
to a track etching efficiency TJ^  of 90.0;^. The value of 
Tip- for this plastic detector is in agreement with the 
18 
value 93.1-/. as reported by Somogyi et al. . It has been 
found that the saturation value of about 11.52 |im in 
projected track length reaches after 2 hrs of etching in 
61\1 NaOH at 60 C. However, in actual field of view the 
track ends appeared to remain conical only upto an etching 
time of 90 minutes after which the conical ends started 
rounding off. Also the 1 /d ratio decreases beyond 
3 -
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90 minutes e tching time when the o v e r - e t c h i n g of t r a c k 
s e t s i n . Hence, the most app rop r i a t e e t ch ing time fo r 
f i s s i o n t r a c k s in Mel inex-0 p l a s t i c seems to be 90 minutes 
for e t ch ing in 6N NaOH s o l u t i o n mainta ined a t 60 C. 
Before the conc lus ion about these p l a s t i c d e t e c t o r s , 
i t i s necessary to mention t h a t the e tched f i s s i o n t r a c k s 
i n Melinex-O p l a s t i c d e t e c t o r were of b e t t e r c o n i c a l shape 
than in Lexan and Makrofol-KL p l a s t i c d e t e c t o r s . Also 
the number of background e t c h - p i t s and e tched s c r a t c h e s in 
Melinex-O p l a s t i c were much smal le r than those found in 
Lexan and Makrofol-KL. Melinex-O p l a s t i c , due t o t h e s e 
r e a s o n s , has been p r e f e r r e d over Lexan and Makrofol-KL 
p l a s t i c s as f i s s i o n fragment d e t e c t o r f o r the measurement 
of t h e uranium con ten t i n p r e s e n t s t u d i e s . 
4 .4 CONCLUSIONS 
P r e s e n t i n v e s t i g a t i o n s for the r e g i s t r a t i o n of f i s s i o n 
t r a c k s i n d i f f e r e n t p l a s t i c d e t e c t o r s v i z . CR-39, Lexan, 
Makrofol-KL and Melinex-O lead us to the fo l lowing 
c o n c l u s i o n s : 
( i ) The Poly tech CR-39 p l a s t i c shows a depth dependence 
of bulk e tch r a t e Vg, which i s a s e r i o u s drawback 
for c a l c u l a t i n g the e tch r a t e r a t i o V -^ZVo for f i s s i o n 
t r a c k s i n t h i s p l a s t i c . 
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(ii) Since most of the fission tracks in the Pplytech 
CR-39 plastic have circular opening even in 2n-
irradiation geometry, it implies that the critical 
angle for registration of fission tracks in CR-39 
is fairly large. 
(iii) The most appropriate etching time for etching the 
fission tracks in Lexan plastic detector in 6N NaOH 
solution at 60°C is 45 minutes. 
(iv) The track etching efficiency of Lexan plastic 
detector for fission tracks in 2ii-geometry is 95.2^ <. 
(v) The most appropriate etching time for etching the 
fission tracks in Makrofol-KL plastic detector in 
6N NaOH at 60^C is 25 minutes. 
(vi) The track etching efficiency of Makrofol-KL plastic 
detector for fission tracks in 2Ti-geometry is 93.5>i. 
(vii) Since the behaviour of SSNTTD depends upon the struc-
ture of the polymer, it is expected that the plastic 
detectors manufactured by different processes should 
have different etching behaviour as observed in 
the present studies even if the product may be 
the same. 
(viii) The etched fission tracks in Lexan and Makrofol-KL 
122 
plastics were long and very thin due to large l„/d 
ratio whereas the shape of etched fission tracks 
in Melinex-0 plastic is better and more conical. 
(ix) UnJike Polytech CR-39, Lexan and Makrofol-KL plastics, 
the Melinex-0 plastic shows a constant bulk etch 
rate Vp with etching time. 
(x) Since the Polytech CR-39, Lexan and Makrofoi-KL 
plastics record also the tracks of alpha particles 
along with the fission tracks but the Melinex-0 
plastic does not record the alpha tracks, it is con-
cluded that Melinex-0 plastic is more suitable for 
studying (n,f) reaction as compared to other plastics. 
(xi) The most appropriate etching time for getting conical 
fission tracks in Melinex-0 plastic etched in 6N NaOH 
solution at 60 C is 90 minutes. 
(xii) The track etching efficiency of Melinex-0 plastic 
for fission tracks in 2ii-geometry is 90.Cj/.. 
(xiii) Although the track etching efficiency value 112 of 
Melinex-0 plastic is smaller than that of Lexan and 
Makrofol-KL plastics, nevertheless, because of nice 
conical fission tracks and less number of etched 
background and imperfections, the Melinex-0 plastic 
is preferrable as a detector over Lexan and 
Makrofol-KL plastics for measuring uranium content. 
12 0 
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DETERMINATION OF URANIUM COhTTENT 
5 .1 INTRODUCTION 
S e v e r a l methods such as Mass s p e c t r o m e t r y , A c t i v a t i o n 
a n a l y s i s . F luo rescence , Delayed neutron c o u n t i n g , Radio-
metric method, Alternating current polarography e t c . are in 
use for the determination of t race quan t i t i e s of uranium. 
SSNTDs provide cheap, rapid and ef fec t ive technique for 
t r ace element ana lys i s . Solid s t a t e nuclear t rack detec t ion 
technique has i t s s impl i c i ty , s e n s i t i v i t y and po ten t i a l 
c apab i l i t y of micromapping even at sub-ppb leve l of 
others ui-th 
f i s s ionab le impuri t ies with (n,f)andj(n,a) and (p,a) reac t ions 
e t c . 
Relative merits and demerits of the solid state nuclear 
track detection and competing techniques are summarized in 
Table - 5.1. A few words about the remarks in the demerits 
column are necessary. 
By 'difficulty' in the case of mass spectrometry tech-
nique, it is meant that a relatively higher level of train-
ing is necessary before one can begin to turn out data and 
that it will be very difficult and undesirable to use the 
technique in routine matters requiring analysis of several 
different samples. Similarly in the determination of uranium 
by activation analysis, the 'difficulty' arises in selecting 
] 2 S 
Table - 5.1 
Different techniques available for uranium determination and 
their relative merits and demerits (after Fisher 1975) 
Technique Merits Demerits 
Mass spectrometry 
Activation 
analysis 
Fluorescence 
Precision and 
accuracy, 
isotopic analysis 
Low cost, no 
contamination 
Cheap and rapid 
Costly and diffi-
cult, contamination 
Difficult 
+10^ i accuracy, 
reactor necessary 
rN/ ppra limit 
contamination 
Delayed neutron 
counting 
Radiometric 
Alternating 
current 
polarography 
SSNTD 
Rapid 
Cheap and rapid 
Cheap and fairly 
rapid 
Cheap and rapid 
contamination 
usually recogni-
zable, small 
sample size, 
lowest levels 
(sub - ppb) 
mapping 
Reactor necessary 
+10>i accuracy, 
""-^ ppm limit 
Large sample size 
-^ppm limit 
^ppm limit 
+10^ accuracy 
127 
and separating a selected fission product from all the 
host that are produced. By 'contamination' it is not 
intented to imply that contamination cannot be avoided but 
that it is a problem to be dealt with and that several 
analyses in the literature are suspect because of this 
reason. Although contamination is always a problem in 
trace element analysis at the ppb-level by any method, it 
is usually recognizable in the SSNTD technique, if not 
2 
totally avoidable . 
Similarly 'reactor necessary' in the case of activation 
analysis and delayed neutron counting technique means that 
the experimenter must be within the experimental distance 
from the reactor due to the fact that measurement of short 
half-lives are generally involved and sophisticated detec-
tion equipment is needed. Although the use of a nuclear 
reactor is also necessary in the case of SSNTD technique, 
the actual experimenter is not required to be present near 
the reactor. The prepared samples containing the uranium 
as trace element can be sent to the nuclear reactor along 
with the plastic track detector attached to them for neutron 
irradiation in the service facility of the reactor. 
Irradiated samples need some time for radioactive 'cooling' 
after which they are despatched to the experimenter. The 
experimenter can etch the detector and analyse the data at 
his convenience. Since the fission track registration 
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235 technique of uranium determination is based on the U 
(n,f) reaction, the isotopic abundance ratio u/ U 
should be known. 
Nuclear fission is a process in which a uranium 
nucleus after capture of neutrons splits up into two parts 
which are considerably different from the target nucleus. 
Although nuclear fission has been produced from the 
bombardment of heavy nuclides by neutrons, protons, 
deutrons, alpha particles and even electrons and gamma 
rays , practical importance of nuclear fission is in the. 
235 
neutron induced fission of uranium and plutonium. U 
which constitutes only 0.71/. of naturally occurring 
uranium is the only naturally occurring nuclei that can be 
fissioned with thermal neutrons. When a nucleus of high 
atomic number undergoes fission, fission fragments having 
two almost equal parts are produced. The fission frag-
ments contain too many neutrons for them to be stable. 
They can approach stability either by ejecting one or more 
neutrons or by the emission of beta particles obtained 
from the conversion of neutron into proton. 
Fission into more than two intermediate mass fragments 
is extremely rare. The fission fragments can be anyone of 
the nuclides in centre third of the periodic table. The 
3 235 
yield curve of the fission U by thermal neutrons is 
shown in Fig. 5.1. From the fissioning of uranium altogether 
no 130 
Mass 
150 170 
Fia. 5.1 The yield curve of the fission of 
23b 
U by theriiial n e u t r o n s . 
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about 300 stable and radioactive nuclides have been found 
and about 180 different beta emitters have been identified 
among the products resulting from it. As can be seen from 
the Fig. 5.1, the maximum yield occurs for mass number 
near 95 and 140. 
The energy released for fission of uranium has been 
estimated to be around 200 MeV. Out of this 170 MeV is 
provided as the kinetic energy of the fission fragments. 
Except for a very small fraction, all fission neutrons are 
emitted instantaneously and are called prompt neutrons. 
According to the compound nucleus picture, these are the 
neutrons which are boiled off from the highly excited 
235 
compound nucleus. In case of U, 0.64/: delayed neutrons 
are emitted having a time lag of several seconds to more 
than a minute after the fission. They arise out of the 
radioactive decay of a fission fragment. The energy distri-
bution consists of two distinct groups having mean energies 
about 70 and 100 MeV. Later studies based on the measure-
ment of ionization velocities of the fission fragments 
indicate that the K.E. of these fragments is 167 MeV for 
235 
U fission produced by slow neutrons. The two groups of 
energies have maximum at about 68 and 99 MeV. 
The application of fission track method for the 
determination of uranium concentrations was first suggested 
by Price and Walker and later used by many workers^"^. 
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Now-a-days, it has been widely used in diverse fields of 
science and technology. Fission track method for deter-
mination of uranium in water samples was first applied by 
5 9-24 
Fleischer and Lovett . Many other workers have used 
this technique in successive years for the estimation of 
uranium concentration in water, plants, soils, human blood, 
cigarette tobacco, drinkable milk, tea leaves, bones, tooth-
pastes, fruit juices, portland cement, detergent soaps, 
coal, steel and semiconductors etc. 
In the present study, fission track registration 
technique for the trace determination of uranium in solid 
phase materials (tea leaves, tubers, milk powders ^ drugs) 
and liquid phase materials (water from rivers, springs, 
lakes, canals, hand-pumps, tube-wells, taps and wells etc. 
and drinkable milk) has been applied. 
5.2 MATERIALS AND METHODS 
5.2.1 PREPARATION OF SAMPLES FOR IRRADIATION 
(i) Solid phase materials; The external detector method as 
24 
suggested by Fleischer et al. for bulk determination of 
uranium in homogenous solids was adopted for the determina-
tion of trace elements in solid phase materials. Samples 
of milk powders manufactured by different companies and 
131 
drugs of common use available in market were collected and 
grinded finely. Tubers were first dried in an oven for 
24 hrs at 100°C. The dry products of tubers and tea leaves 
25 
were then subjected to gradual ashing m a contamination 
free silica crucible, raising the furnace temperature at 
intervals during 16 hrs, to 485 C. After grinding the tuber 
and tea leaves ashes properly,these were sieved through 
100 mesh sieve (1.5x10 cm aperture). Accurately weighed 
sample powder of materials like tuber, tea, milk powder 
and drug was mixed with methyl cellulose powder used as a 
binding material free from uranium contamination in the 
ratio 1:2 by weight and a homogenous mixture was made. This 
mixture was pressed into a flat pellet of about 1,3 cm 
diameter and 1 mm thickness by the hand pressing pellet 
making machine specially designed for this purpose. The 
pellet making machine is shown in Fig. 5.2 and consists of 
the following parts : 
Part A: i.dld Steel (M.S.) plate of size 1.25" x 5"x 10" 
having four holes of size 3/8" for fitting the machine on 
table and having two side holes of the same size to support 
the pillars G and F. 
Part B; M.S. Adjustable guide of size 1" x 4" x 10" to 
support the pillars having two side holes of size 3/8" to 
adjust the same upward and downward. 
D-(0.75"^ X 16") 
C-(1.25'xrx10") 
// // 
F-(l ^xl5 ) 
B-(l X4 xlO ) 
A-(1.25x5 // xlO) 
Fig. 5.2 Half full size of pellet making machine. 
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Part C; lA.S. guide of size 1.25" x 4" x 10" fixed with 
pillars by M.S. nuts of heavy duty. 
Part D; M.S. handle of size 0.75" (|) x 16" to rotate the 
part H upward or downward. 
Part E; Cast Iron (CI.) bush to support part H. 
Part F and G; h'"S>. pillars of size 1" <^ x 15" having 
upper part 0.75" x 1.25" duly threaded to fix it with 
part C with nuts and lower part of size 0.75" x 1.25" to 
fix them in the base. 
Part H: High carbon steel screw of size l"(l)x 10.5" having 
upper part of 2" CJ) having hole of size 0.75"(|) x 1.5" for 
handle. 
Part J; M.S. disc of 1.5"C}ix 0.75" as per drawing. 
Part K;- Special K steel punch having upper part of 
Q.5"Cjix 1.5" and lower part of 13 mm (j) x 3" duly hardened, 
tempered and grinded surface. 
Part L: Special K steel die of 1.5" (^  x 3.75" duly 
hardened, tempered and grinded surface. 
Part M; Special K steel base of 2"(|) x 0.75" lower part 
and 13 mm (|i x 0.75" upper part duly hardened, ten.pered and 
grinded surface. 
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Melinex-O discs of same diameter as that of pellets 
were washed with double distilled water and labelled so as 
to distinguish the detectors from each other. Clean 
Melinex-O discs were pressed against both sides of each 
pellet. Melinex-O plastic discs were used as external 
detectors for recording fission tracks which were formed 
235 
as a result of fission in U induced by thermal neutrons. 
The external contamination was minimized by careful packag-
ing. Indian glass slides (Silverstar Iwicroslides) manufac-
tured by Premier Industrial Corporation, Bhagirath Palace, 
26 Delhi) of known uranium concentration were used as a 
standard reference material. Pellets of standard glass were 
prepared exactly in the identical manner. In order to 
assess the contamination error due to uranium present in 
double distilled vv^ ater and plastic detector disc, one blank 
pellet of iV.elinex-0 detector was also prepared under 
identical conditions. All the sandwiched pellets together 
with the standard glass and blank pellet were encapsulated 
in aluminium capsules of size 2.0 cm diameter and 6.0 cm 
length. The cap of the capsules was tightly screwed in 
order to ensure firm contact between the detectors and the 
material samples. The whole assemblies were exposed with 
15 known dose of thermal neutron flux v/^ lO nvt at the 
•APSAHA' reactor, Bhabha Atomic Research Centre, Trombay, 
Bombay (India). The fission fragments from thermal 
U4 
23b 
neutrons induced fission in U produced latent damages m 
the plastic detectors which are in close contact with the 
939 
samples. Th, if present in the sample contributes very 
little to the total damage from (n,f) reaction due to its 
very low cross-section i.e. 40 fib, as compared to 580b for 
235u. 
(ii) Liquid phase materials; The water samples from 
different water sources (tap, tube-well, river, lake, 
spring, canal, hand-pump and well) and milk samples from 
different dairy catties and lactating women were collected 
in fresh plastic bottles which were previously rinsed with 
tap water, double distilled water and then test water or 
milk successively. All water samples were acidified 
immediately after collection with 20 ml of concentrated 
nitric acid per litre of v^ /ater. Under these conditions the 
loss of uranium by absorption in the container remains at 
a minimum for storing time from 3 to 30 days. 
A known volume (0.04 or 0.06 ml) of liquid (milk or 
water) was dropped on the surface of a clean circular disc 
of diameter 1.5 cm of Melinex-0 plastic detector with the 
help of a micropipette previously rinsed with double 
distilled water and the test sample successively. The 
97 
aroplet of liquid was allowed to evaporate in still air 
placed inside an oven (at-^ 70°C) . As sketched in Fig. 5,3, 
Liquid Droplet 
Plastic Detector 
Evaporating Droplet 
Evaporating Droplet 
Thin Deposit of 
Non-vo la t i le 
Constituents 
Plastic Detector 
Fig. 5.3 Showing the stages of evaporation of liquid droplet 
from the surface of plastic detector. 
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the aried droplet will leave behind a thin film of non-
volatile constituents present in liquid specimen including 
uranium. The dried specimen was covered with another 
similar disc of Melinex-0 detector. Each pair of plastic 
discs was made to be in intimate contact with the dried 
specimen by tight and neat binding with the help of cello-
tape. Several such pellets of specimen materials along 
vath a standard glass piece of known uranium concentration 
serving as a thermal neutron flux dosimeter were placed in 
aluminium capsule which was cleaned in the same manner as 
the plastic detectors. In order to assess the contamination 
error due to the uranium present in distilled water and 
plastic detector, one blank pellet of Melinex-0 detector was 
prepared under identical conditions and kept in each 
aluminium capsule. The capsules were irradiated to thermal 
15 
neutron dose ^ 10 nvt at 'APSARA' reactor of Bhabha 
Atomic Research Centre, Trombay, Bombay (India). The 
exposure to thermal neutron flux (j) in a nuclear reactor will 
inauce fission in a fraction a*(J) of the uranium atoms, where 
o is the fission cross-section. 
5.2.2 ETCHING AND CUUNTING 
(i) Solid phase materials; To reveal the damage tracks in 
the detectors, plastic discs were separated and washed with 
tap ana distilled water. These plastic discs were etched in 
1,16 
6N NaOH solution at a temperature of 60+1 C for 90 minutes. 
This etching time was most appropriate to give maximum 
etched track length for fission fragments in Melinex-0 
plastic detector as determined in a separate experiment 
with Cf fission fragments registered in this plastic 
(Chapter - IV, Fig. 4.4). Appropriate etching of the detec-
tor after irradiation dissolves material at a faster rate 
along the damaged region and thus allows the tracks to be 
visualized. The sides in contact with the pellets were 
scanned for fission tracks using an 'OLYMPUS BINOCULAR' 
optical microscope at 600 X magnification. vVhole areas of 
the discs excluding the peripheries of the detectors where 
the chances of contamination from outside are more, were 
scanned. A sufficient number of fission tracks were counted 
thrice to reduce statistical errors. To minimize the errors 
an identical criterion for track counting was adopted for 
both standard and all unknown specimen materials. The track 
density (tracks/cm ) was determined by counting the tracks 
2 
in the area of about 0.75 cm of the detector. 
(ii) Liquid phase materials; After irradiation, the 
Melinex-0 detectors were etched in the same way and under 
identical conditions as used for solid phase materials. 
After the evaporation of ordinary liquid droplets from the 
surface of detectors (Fig. 5.3) the diameter of the drop 
remains constant as the droplet becomes thinner. The 
1,37 
27 distribution of the deposited residue can be seen from 
the fission track array as shown in Fig. 5.4 is not uniform. 
There appears to be a rim of thicker deposition at the 
edge of the droplet site, where as the centre region has 
uniform deposition. In order to avoid the effects of non-
uniformity in the deposited film, the entire surface of the 
detectors was scanned for fission tracks. Often high track 
abundances make it cumbersome to do so. In most of the 
cases the drop pattern is found to be circular. This can be 
described in terms of a constant number of tracks per unit 
length (Nr) along the rim of the distribution and a constant 
number of tracks per unit area (N.) in the interior. If the 
radius of the circular track distribution from the droplet 
is R and the radial non-uniformity near the rim has a width 
h that is much less than R, 
N = 2 n R N^ + 7i(R - 5)^ N^ ... (5.1) 
In cases where the droplet is not accurately circular as in 
the slight ellipticity and flattening of the track pattern 
in Fig. 5.4, straight forward variations in Eqn. (5.1) can 
be used. 
Two other problems may arise due to overcrowding of 
tracks and nonuniformity in their spatial distribution. If 
the track density Nj^  is too high to count in the rim, a 
""'^Wi 
Fig. t).4 Etchea track de tec cor showing 
the distribution of deposited 
residue of uranium from a small 
evaporated droplet in the form of 
fission tracks. 
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s e p a r a t e i r r a d i a t i o n with a lower neu t ron dose i s needed. 
In F i g . 5 . 4 , the dens i ty Nr i s r e s o l v a b l e i n p a r t but not in 
a l l of the r im, i n d i c a t i n g t h a t N, v a r i e s c i r c u r a f e r e n t i a l l y . 
In such a case e i t h e r a f u l l count of the r im or a s e r i e s 
of e q u a l l y spaced measurements around the c i rcumference i s 
r e q u i r e d . In some cases the i n d i c a t i o n of p a r t i c u l a t e con-
c e n t r a t i o n s of uranium were found by c l u s t e r of t r a c k s . 
This type of t r ack p a t t e r n of l i q u i d drop r e s i d u e was the 
i n d i c a t i o n of conta ined suspended s o l i d s . For f ind ing the 
neu t ron f lux the i r r a d i a t e d s tandard g l a s s was f r e s h l y cu t 
and e tched in 48>i HF s o l u t i o n a t 23°C fo r 5 seconds fo r the 
r e v e a l a t i o n of t r acks and the t r ack d e n s i t y was o b t a i n e d . 
5 . 2 . 3 METHOD OF CALCULATIONS 
( i ) S o l i d phase m a t e r i a l s ; The uranium c o n c e n t r a t i o n was 
24 
c a l c u l a t e d using the Eqn. 
C^(U) = CglU) J^ j^ ^ . . . (5 .2 ) 
S X X 
where the subscripts x and s stand for unknown and standard 
respectively; C(U), the uranium content; T, the fission 
235 track density; I, the isotopic abundance ratio of U and 
238 9 
U; and R, the range of fission fragments in mg/cm . The 
correction factor (R-ZR^) has been taken to be unity as it 
approaches unity for most of the silicate materials and 
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plastics . Similarly I^ /lv ^^^ been taken to be unity, 
on the assumption that isotopic abundance ratio is the 
Same in the unknown and standard samples. Therefore, the 
relation (5.2) is reduced to 
T 
C^(U) = CgCU) •— ... (5.3) 
and uranium concentration was obtained by matching the track 
densities recorded in the detector discs covering the 
investigated materials and standard glass pellet. 
(ii) Liquid phase materials; The uranium concentration C,, 
5 9 
was calculated * from the relation, 
P _ NM /c .\ 
^U ~ V G N E Of I (}> ••• ^^'-^ 
where N is the total number of tracks recorded on the 
detector; V, the volume of the liquid drop taken; M, the 
235 
atomic weight of the fissile ( U) isotope expressed in 
gm(235 gm); G, the geometry factor for detection of tracks 
23 
in the detector; N, the Avogadro's number (6.025x10 
molecules/gm mole); a^, the fission cross-section for the 
/ -24 2 
cm ); the etching 
,2 
fissile C^ U) isotope (580x10 cm^); the etchii 
efficiency factor E = 1 - (Vg/V^)^, Vg and V^ being bulk 
and track etch rates respectively; I, the isotopic abundance 
I'iO 
235 —3 
of the fissile ( U) isotope in the uranium (7.26x10 ); 
^t the thermal neutron dose (nvt). 
Thermal neutron dose ()) was calculated with the help of 
standard glass dosimeter using the relation, 
()) = K /^  ... (5.5) 
where K is a constant depending on the material of standard 
glass and /=» is the fission track density (tracks/cm ) in 
glass due to fission of the uranium atoms present in the 
glass. Value of K for the standard glass used in the 
present work was (1.028+0.008)xlO"''"'- neutrons/track. 
The value of G was taken to be unity as the thickness 
of the residue film was much less than the range of fission 
fragments and thus two fission fragments per fission reac-
tion were recorded by the two detectors. For Melinex-0 
detector used here Vg << Vj so that E-vl. On substituting 
the values, the relation (5.4) is reduced to 
The accuracy in the determination of uranium concentration 
using the Eqn. (5.6) is limited by two main factors: 
(i) The neutron dose (J) which is obtained by the fission 
tracks induced in a precalibrated glass dosimeters of 
HI 
known uranium content. 
(ii) The number of tracks N which can be increased by 
the evaporation a large drop of liquid or by 
increasincg the neutron dose. 
5.3 RESULTS AND DISCUSSION 
The results obtained for solid and liquid phase 
materials are presented in Tables - 5.2 to 5.8. The errors 
indicated with the values are statistical counting errors 
and represent one standard deviation, or the precision of 
the measurements calculated from multiple and duplicate 
analyses of each sample. Some error in the measured values 
of uranium content may also arise due to the loss of tracks 
on account of air gaps and improper contact between the 
detector surfaces and investigated material samples. Con-
tamination correction due to the presence of uranium present 
in double distilled water and plastic detector has been 
applied by subtracting the total number of tracks in the 
detector of blank pellet from each pellet count. 
5.3.1 SOLID PHASE MATERIALS 
Uranium concentration in solid phase materials calcula-
ted by using the Eqn. (5.3) is presented in Table - 5.2 to 
5.5. 
U2 
(i) Tubers; The plants take uranium, radium and thorium 
isotopes from the soil and water during their growth by 
their root system. The underground root vegetables are 
28 high mineral absorbers and their roots can directly 
absorb the higher degree of uranium from the soil through-
out their full growth and then this element is translocated 
to each and every part of the plant body. It has also been 
observed that plants that readily absorb large amount of 
sodium, sulphur, selenium and calcium but small amount of 
potassium will also absorb uranium readily. When consumed 
by human beings it can pose a health risk, if the uranium 
concentration in the tubers is significant. 
Phosphorus is vital for growth and development of the 
plant. It is one of the essential plant food element among 
the major plant nutrients consumed in large quantities. It 
is very reactive in soil and occurs in soil in both organic 
and inorganic forms. It is found in the inorganic form in 
combination with calcium, iron, aluminium and with soil 
colloids. In organic forms it is present as phytin and 
nucleic acid complexes. The active plant roots absorb phos-
phorus from the soil solution and the content of phosphorus 
in soil gets depleted. To compensate this phosphorus defi-
ciency when phosphatic fertilizer compound is used in a 
moist soil, chemical reactions take place forming products 
of reaction and the natures of these products are determined 
us 
by the nature of the phosphatic fertilizer added and the 
type of the soil which provides the particular environment 
30 
around the fertilizer granule. Spalding found that 
uranium is directly related to phosphorus and 160 ppm 
uranium was determined in high phosphorus (19>i P) samples. 
Thus the use of phosphate fertilizers may increase the 
uranium content in soil and hence in plants. 
Uranium content in ashes of the tubers (Ginger, Red 
Carrot, Yellow Carrot, Potato, Beet,Redish and Onion) 
grown in this region are given in Table - 5.2 and has been 
found to vary from 0.15+0.001 to 0.80+0.014 ppm. This 
variation may be due to different uranium content in soil 
and water where the plants are grown and the amount of 
phosphate fertilizer used there. Uranium concentration has 
been found to be 2.8+0.1 PPm in the ashes of the 
carrots from Pocos de Caldas and 0.42+0.01 ?P^ from 
31 the Rio de Janeiro area (Brasil) by Mafra et al. and in 
the range 0.25+0.005 to 0.62+0.01 ppm in underground 
32 
vegetables . The results for tubers grown in this 
region lie in the reported range. The uranium concentra-
tion in the fresh tubers should be about 10 times of that 
of their ashes as the ashes correspond on the average to 1/. 
25 
of the raw product . This amount is well below the lethal 
intake (40 mg/day)' as regards its biological effects of 
radiation emitted from uranium and also the limit of 150 mg 
] 4 4 
Table - 5.2 
Uranium content in tuber samples 
Lab 
code no. 
Tl 
^2 
T3 
U 
h 
h 
h 
Name of 
the tuber 
Ginger 
Red carrot 
Yellow carrot 
Potato 
Beet 
Redish 
Onion 
Track density 
xlO^ (T/cm^) 
1.22 
1.26 
1.60 
2.85 
3.09 
4.15 
6.50 
Uranium 
content 
(ppm) 
0.15+0.001 
0.15+0.003 
0.20+0.008 
0.35+0.017 
0.38+0.003 
0.51+0.019 
0.80+0.014 
• 1 f~> 
Calculated using neutron flux ((|)) = 0.64x10 (nvt) 
U5 
urn 
uranium per day established by the ICRP for an individual 
- 31 
ingestion of even 1 Kg per day 
(ii) Tea leaves: Tea plants are perennial plants and can 
have life span of 50 years. These have extensive root 
system spread over deeper layers in soil. Hence levels of 
uranium in tea leaves are a result of absorption of urani 
through soils for the last few years. Perennial nature of 
tea plants with its extensive root system results in higher 
concentrations of radioactive elements as compared to other 
34 foodstuffs in normal background area 
Indian tea leaves, commercially available for human 
consumption as favourite beverage were collected from the 
local market. The results of uranium content of tea leaves 
are presented in Table - 5.3 and has been found to vary 
from (7.43+0.10)xlO"^ to (115.0+1.20)xl0~^ ppm. The Taj 
Mahal and Brook Bond Special tea manufactured by Brook 
Bond India Ltd., Calcutta have a minimum value of uranium, 
while the Double Diamond tea manufactured by Duncans Agro 
Industries Ltd., Calcutta has yielded a maximum value. 
Uranium content in some Indian tea leaves has been reported 
35 in the range 0.01 to 0.025 ppm . The radon content of 
Indian tea leaves as measured by our group has been found 
to vary from oni±O.OS to 1.13+0.06 PCi/j by Khan et al. . 
From the measurement of natural radioactivity of Indian tea 
Table - 5.3 
Uranium content in tea leave samples 
U8 
Lab 
code 
no. 
Name of 
the tea 
Manufacturing 
agency 
Track density Uranium 2 p content 
xlO (T/cm ) xlO"3(ppin) 
h 
^2 
^3 
^4 
H 
^6 
h 
h 
H 
ho 
hi 
Taj Mahal 
Brook Bond 
Special 
Red Lable 
Lipton Green 
Lable 
Cheers 
Brook Bond 
Supreme 
Pick-Up 
Rich-Bru 
Lams a 
Lipton Tiger 
Double 
Diamond 
Brook Bond India 
Ltd., Calcutta 
Brook Bond India 
Ltd., Calcutta 
Brook Bond India 
Ltd.f Calcutta 
Lipton India Ltd., 
Calcutta 
Lipton India Ltd., 
Calcutta 
Brook Bond India 
Ltd., Calcutta 
Duncans Agro Indus-
tries Ltd., 
Calcutta 
Lipton India Ltd., 
Calcutta 
Nilgiri Tea Emp., 
Hyderabad 
Lipton India Ltd., 
Calcutta 
Duncans Agro Ind. 
Ltd., Calcutta 
8.46 
10.20 
20.90 
20.20 
33.70 
41.60 
56.00 
79.70 
89.80 
103.00 
132.00 
7.43+0.10 
8.96+0.24 
18.30+0.20 
17.60+0.13 
29.50+0.30 
36.50+0.50 
49.20+0.40 
70.00+6.20 
78.80+0.73 
90.50+2.80 
115,00+1.20 
15 Calculated using neutron flux ((j)) = 9.0x10 (nvt) 
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leaves by Lalit and Ramachandran * Ra has been found 
in the range from 8,7 to 97,9 >^io"^f>ci/9. It has been observed 
that tea from North India has slightly higher radioactive 
content , in general, as compared to that in samples from 
South India, This has been attributed to higher natural 
radioactivity content of soils in North India. As the daily 
consumption of tea is only about 2.0 gm, higher levels of 
34 
uranium in tea do not constitute health hazard . Even if 
it is assumed that some urban population may consume five 
to six cups a day, it may go to 10 gm a day in some cases 
which is also quite safe. 
(iii) Milk powder; Uranium concentration in milk powders 
may be due to the uranium present in water and feed supple-
39 ' 
ments. As reported by David et al. uranium (2-180 ppm) 
is present in livestock feed supplements in proportion to 
their phosphorus contents. This has been attributed to the 
transfer of uranium with phosphorus from the original 
mineral phosphate (rock phosphate) to the feed, regardless 
of whether the mineral has been chemically processed or 
used more or less directly. Measured uranium content of 
some commercially available milk powder samples are present-
ed in Table - 5.4 and were found to vary from (1,61+0.02) 
—2 —2 
xlO to (6.53+0.13)xl0 ppm. Amul-spray milk powder 
manufactured by Union Ltd., Anand (Gujrat) has a minimum 
value of uranium (1.61+0.02)xlO ppm, whereas Lactogen milk 
Table - 5.4 
Uranium content in milk powder samples 
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Lab 
code 
no. 
Name of the 
milk powder 
Manufacturing 
agency 
Track density 
xlO-^  (T/cm^) 
Uranium 
content 
xlO (ppm) 
M, Amul-Spray Milk Producers 
Union Ltd., 
Anand (Gujrat) 
1.61 1.61+0.02 
1^2 Every-Day Food Specialities 
Ltd., New Delhi 
2.75 2.76+0.36 
M 2 Anik-Spray Lipton India Ltd., 
Calcutta 
3.71 3.72+0.21 
M. Glaxo Glaxo Laboratories 
Ltd., Bombay 
5.38 5.40+0.10 
Mt Lactogen Food Specialities 
Ltd., New Delhi 
6.50 6.53+0.13 
15, Calculated using neutron flux({j)) = 7.87x10 (nvt) 
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powder manufactured by Food Specialities Ltd., New Delhi 
has a maximum value of uranium (6.53+0.13)xlO ppm. The 
variation of trace uranium concentration in their contents 
(metals and minerals) depending upon their formation which 
vary from one to another manufacturing company may also be 
responsible for the difference in uranium concentration of 
40 different samples. Lai et al. have reported values of 
uranium content in milk powders prepared by various milk 
plants of Punjab and Haryana states lie between 26-153 PPm 
Level of uranium content in milk powder samples is quite 
low as compared to other human consumable things. 
(iv) Drugs; Table - 5.5 presents the measured values of 
uranium content in drugs frequently prescribed in commonly 
known diseases such as pain, headache, constipation, fever, 
cold ?; insomnia etc. and has been found to vary from 
(0.09+0.005) to (3.71+0.10) ppm. Calmpose used as sedative 
manufactured by flanbaxy Laboratories Ltd., has a minimum 
value of uranium (0.09jf0.005) ppm whereas tetracycline 
manufactured by Indian Drugs and Pharmaceutical Ltd., has 
yielded a maximum value (3.71+0.10) ppm. This difference 
comes out from the variation of trace uranium in their 
contents (metals and minerals) used as polishing, binding, 
sweetening, flavouring and liquifying agents which vary 
from one manufacturer to another depending on their 
formulation. 
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Table - 5.5 
Uranium content in drug samples 
Lab 
code 
no. 
Name of 
the drug 
-. , . _ , , .. Uranium 
Manufacturing Track density content 
agency ^^^0^ (T/cm^) (ppm) 
D 
D, 
D. 
D. 
, Calmpose 
Digene 
Brufane 
Dart 
Palgin D. 
D^ Crocin 
Dy Vicks 
Dg Analgin 
DQ Tetracycline 
Ranbaxy Labora- 7.49 
tories Ltd., 
Dewas 
Boots Company Ltd., 10.5 
Bombay 
Boots Company Ltd., 13.6 
Bombay 
Juggat Pharma Pvt. 14.4 
Ltd., Bangalore 
Chemo-Pharma 17.0 
Laboratories Ltd., 
Bombay 
Duphar-Interfran 33.3 
Ltd., Gujarat 
Richardson Hindus- 51.5 
tan Ltd., Bombay 
Techne Pharma, 257.0 
Ghaziabad 
Indian Drugs and 302.0 
Pharmaceuticals 
Ltd., Rishikesh 
0.09+0.005 
0.13+0.002 
0.17+0.004 
0.18+0.004 
0.21+0.003 
0.41+0.006 
0.63+0.015 
3.16+0.05 
3.71+0.10 
15 Calculated using neutron flux((j)) = 6.43x10 (nvt) 
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5 . 3 . 2 LIQUID PHASE MATERIALS 
(A) WATER 
Natural water may be considered a dynamic system where 
metastable equilibrium exist between the aqueous and solid 
phases. Uranium is, in general,a rare constituent of drink-
ing water but its occurrence must be taken into account 
when the radio hygiene quality of water is considered. The 
uranium concentration in various water samples (ground and 
surface) were determined with the help of Eqn. (5.6), 
whereas (J) was calculated with Eqn. (5.5). In order to 
avoid the effects of non-uniformity in the deposited film, 
entire surface of the detectors was scanned. 
The suspended impurities of large size were separated 
by filtering but when the size was very small, as in the 
case of some samples used in the present investigation, they 
will give rise of cluster of tracks wherever they were 
deposited in thin film of liquid after evaporation. The 
number of clusters found in this study was negligible. 
Further, the number of tracks in the cluster if any, did 
not exceed 100 tracks. It rules out the contribution of 
uranium due to suspended impurities. 
(i) Ground water:: A large number of ground water samples 
from taps, tube-wells, hand-pumps and wells covering a wide 
area of several states of India, were investigated for 
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trace analysis of uranium concentration and results are 
presented in Table - 5.6. The water was used for drinking 
as well as other domestic purposes. Investigated drilled 
were 
wells used for community water supply/.distributed in many 
parts of India. Uranium concentration in ground water 
samples has been found to vary from 0.60+0.02 to 
20.26+0.02 ^g/l with an average of 5.8+5.14 ng/l (3.9 pCi/l)> 
Thus taking 2 litre/day,the average person would ingest 
4232./^ '3 in a year from ground water in India. The concen-
41 tration of uranium in the atmosphere can be as high as 
0.3) /-*-^/-J and is a minor contributor as comparedto food 
and drinking water. The ground water used for drinking 
purposes contributes about 93y.* These values are correlated 
42 38 43 
with the concentration of uranium in rocks , soil * , 
sands and minerals of that area. The most likely explana-
tion for certain specific anomalous water samples is the 
uranium deposited as thin surface layers in the bedrock 
fissures. When they dissolve, the deposits of this type 
may release high concentration of uranium into the water, 
as was found in several investigated samples. 
These results indicate that uranium concentration of 
water in the same city varies from water reservoir to 
reservoir and hand-pump to hand-pump. Thus uranium content 
of water widely depends on the type and site of the source. 
Tube-wells and wells have the uranium concentration within 
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Table - 5.6 
Uranium concentration in ground water samples 
Lab 
code 
no. 
Tl 
^2 
T3 
U 
h 
\ 
h 
^8 
h 
Tio 
T i l 
T12 
T l3 
Tl4 
Tl5 
T16 
^17 
Source 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Locat ion and p lace 
East Delhi 
East Aligarh (U.P.) 
G a l t a j i J a i p u r 
(Raj . ) 
East Delhi 
I . G . I . P . , Delhi 
South Agra (U.P.) 
Palam A i r p o r t , Delhi 
South Delhi 
Asansol (W.B.) 
C e n t r a l Bulandshahr 
(U.P.) 
Kauli (Punj . ) 
Dehra-Dun (U.P.) 
K.D. Hoste l Agra 
(U.P.) 
J a i s i n g d e r (Raj . ) 
C e n t r a l J a i p u r (Raj . ) 
West J a i p u r (Raj . ) 
Jh in jhak (U.P.) 
Tota l 
t r acks 
counted 
3,500 
3,427 
5,455 
5,029 
6,186 
6,178 
7,694 
7.557 
7,740 
8,305 
8,115 
8,252 
10,510 
14,418 
17,284 
18,789 
27,370 
Contd. 
Uranium 
c o n c e n t r a t i o n 
( ^ i g / l ) 
0.60+0.02* 
0.67+0.002"^ 
0 .90+0.01* 
0.90+0.03* 
1.10+0.03* 
1.22+0.001'^ 
1.30+0.02* 
1.30+0.02* 
1.30+0.03* 
1.40+0.02* 
1.40+0.02* 
1.63+0.005^ 
2.08+0.008^ 
2.50+0.04* 
3.00+0.08* 
• 3.72+0.02"*" 
4 .70+0.01* 
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Contd (Table - 5.6) 
^18 
T l9 
^20 
Tar 
T22 
^23 
^24 
^25 
^26 
^27 
^28 
"^29 
^30 
T3I 
^32 
"^33 
T.4 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tube-we 
Tube-we 
Tube-we 
11 
11 
11 
South J a i p u r ( R a j . ) 
North A.M.U. , 
A l i g a r h ( U . P . ) 
West Agra ( U . P . ) 
Eas t B u l a n d s h a h r 
( U . P . ) 
Sou th A.M.U., 
A l i g a r h ( U . P . ) 
West A . M . U . , A l i g a r h 
( U . P . ) 
Eas t Agra ( U . P . ) 
C e n t r a l A l i g a r h 
( U . P . ) 
West A l i g a r h ( U . P . ) 
Gabhana, A l i g a r h 
D i s t r i c t ( U . P . ) 
Howrah (»V.B.) 
C e n t r a l Agra ( U . P . ) 
South A l i g a r h ( U . P . ) 
C e n t r a l A l i g a r h 
( U . P . ) 
C e n t r a l D e l h i 
Gabhana, A l i g a r h 
D i s t r i c t ( U . P . ) 
H i r a p u r A l i g a r h 
2 4 , 2 5 0 
2 7 , 9 8 2 
3 2 , 7 6 0 
3 3 , 8 0 8 
3 3 , 2 5 2 
3 4 , 0 9 1 
4 6 , 7 6 0 
4 7 , 1 0 2 
5 0 , 9 8 2 
5 4 , 2 1 1 
7 7 , 3 8 0 
7 1 , 2 4 2 
7 9 , 9 0 5 
9 3 , 1 0 2 
19 ,178 
2 9 , 7 6 7 
4 3 , 4 1 1 
4 .80+0 .02 '^ 
5.54+0.02"^ 
5 . 6 0 + 0 . 0 7 * 
5 . 8 0 + 0 . 0 5 * 
6 .58+0 .006+ 
6.75+0.05"*" 
8 . 0 0 + 0 . 2 0 * 
9 .32+0 .02+ 
1 0 . 0 9 + 0 . 0 0 6 ^ 
10.73+0.02"^ 
1 3 . 2 0 + 0 . 0 8 * 
14 .10+0 .02+ 
15 .82+0 .09+ 
18 .43+0 .002+ 
3 . 3 0 + 0 . 0 6 * 
5 . 8 9 + 0 . 0 2 ^ 
8 .60+0 .03+ 
District (U.P.) 
Contd, 
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"2 
"3 
»4 
»5 
"6 
H, 
"8 
"9 
"10 
Hll 
^12 
"13 
"14 
"15 
Hlb 
"17 
^1 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Hand-pump 
Well 
Central Bulandshahr 
(U.P.) 
Dankaur (U.P.) 
Central Bulandshahr 
(U.P.) 
East Jaipur (Raj.) 
West Bulandshahr 
(U.P.) 
Central Delhi 
North Delhi 
Central Jaipur(Haj.) 
North Bulandshahr 
(U.P.) 
West Jaipur (Raj.) 
South Bulandshahr 
(U.P.) 
East Agra (U.P.) 
Somna, Aligarh 
District (U.P.) 
West Delhi 
West Delhi 
Khurja (U.P.) 
Hirapur, Aligarh 
District (U.P.) 
Agra District(U.P.) 
8,153 
8,094 
10,550 
12,413 
12,787 
12,954 
17,965 
17,006 
21,496 
25,806 
30,193 
37,660 
33,901 
42,093 
51,380 
84,980 
102,333 
112,326 
1.40j;0.03* 
1.40+0.02* 
1.80+0.08* 
2.10+0.02* 
2.20+0.14* 
2.20+0.03* 
3.10_+0.01* 
3.36+0.001^ 
3.70+0.07* 
4.40+0.01* 
5.20+0.01* 
6.40+0.07* 
6.71+0.02+ 
7.20+0.02* 
8.80+0.02* 
14.50+0.29* 
20.26+0.02'^ 
19.20+0.60* 
^Calculated using neutron flux (ij) = 9.0x10''"^(nvt) 
•^"Calculated using neutron flux ((|)) = 7.8xlO-'-^(nvt) 
15S 
the range as found in tap and hand-pump samples 
investigated. 
5 
Using fission track method, Fleischer and Lovett 
found the uranium concentration of Pasadena, California 
water supply to be 9.0 ng/l which was approximately three 
44 times greater than that found in sea water . In some of 
the community water supplies in the U.S. the uranium con-
centration has been found to have values more than 30.0 \iq/l 
whereas the average amount of uranium in drinking water is 
3.0 (ig/l (2 pCi/l). The values found by Drury et al. 
lie within the range 0.015-973.0 ^g/l in U.S. ground water. 
The reported values of uranium concentration in tap water 
/ 47 / 48 
are 0.42 iig/1 in Brazil and 1.86 ng/1 in Iran. 
49 Talukdar et al. found the value of uranium concentration 
from 0.08+0.002 to 5.3+0.02 ^g/l in natural water samples 
collected from different places of Assam (India). 
(ii) Surface water; The concentration of uranium in river, 
spring, lake and canal water samples so called surface 
water was determined and the results are presented in 
Table - 5.7. The values lie in the range 0.72+0.003 to 
16.28+0.007 ng/1. Uranium concentration varies from 
0.72+0.003 to 2.71+0.02 |ig/l in spring water, 1.40+0.01 to 
4.49+0.02 [ig/1 in river water, 0.94+0.007 to 5.68+0.031 jig/l 
in canal water and 0.82+0.023 to 16.28+0.007 [xq/l in lake 
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Table - 5.7 
Uranium concentration in surface water 
Lab 
code 
no. 
Si 
^2 
S3 
H 
R2 
^3 
R4 
Cl 
C2 
C3 
C4 
^1 
4 
^3 
^ 
+Ca 
Source 
Spring 
Spring 
Spring 
River 
River 
River 
River 
Canal 
Canal 
Canal 
Canal 
Lake 
Lake 
Lake 
Lake 
Iculated 
Calculated 
Location and place 
Mussorie, Dehradun 
District (U.P.) 
Sahastradhara, 
Dehradun (U.P.) 
Galtaii, Jaipur 
(Raj.) 
Ganga, Kanpur(U.P.) 
Sangam, Allahabad 
(U.P.) 
Gomti, Lucknow(U.P.) 
Yamuna, Agra (U.P.) 
Gabhana, Aligarh 
District (U.P.) 
Avarpur, Bulandshahr 
District (U.P.) 
West Bulandshahr 
(U.P.) 
Nadrai, Etah District 
(U.P.) 
West Agra (U.P.) 
North Agra (U.P.) 
Kam-Garh,Jaipur(Raj .) 
South Agra (U.P.) 
using neutron flux (0) = 
using neutron flux ((j)) = 
Total 
tracks 
counted 
3,623 
10,934 
13,708 
7,093 
9,754 
13,120 
22,681 
4,785 
7,281 
13,650 
33,226 
4,807 
22,050 
48,691 
95,246 
7.8xl0l5( 
9.0xl0i^( 
Uranium 
concentration 
(^ g/1) 
0,72+0.003^ 
2.16+0.02"^ 
2.71+0.02"^ 
1.40+0.01+ 
1.93+0.02"^  
2.59+0.01'*' 
4.49+0.02"*' 
0.94+0.007"^ 
1.24+0.063* 
2.33+0.011* 
5.68+0.031* 
0.82+0.023* 
3.77+0.011* 
9.64+0.02"^  
16.28+0.007* 
nvt) 
nvt) 
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water respectively. The use of phosphate fertilizers in 
the soil in its neighbourhood may have led to increased 
uranium concentration in the rivers. The uranium in 
spring and lake water samples is derived by its leaching 
action passing through the rocks. Minute amounts of 
uranium may also be derived by the circulation of rain 
water through rocks before coming to the surface in the 
form of spring and lake. The values of uranium content in 
27 lake water have been observed to be from 0.32 to 7.00 jig/l 
/ 48 
and from 1.3 to 19.0 |ig/l and in hot spring water between 
1.6-7.3 g^/l"""^  and 1.4-7.4 ng/l^^. The reported values of 
35 
uranium content in river water vary from 4.58 to 6.58 |ig/l 
and 0.01 to 3.50 ^g/l^° in India, O.Oltol.22 g^/l•^ ° in 
U.S.A. and 0.07-to7.0 ng/l in Russia. It may be concluded 
from these investigations that the values of uranium con-
centration in both ground and surface water samples collected 
from different sources lie within the general range of 
uranium concentration as observed by earlier workers in the 
normal areas. The variation may be attributed to naturally 
occurring deposits and human activity. The natural sources 
may contaminate both ground and surface water with occurr-
ence being more common in ground water sources. 
(B) DRINKABLE MILK 
Investigations carried upon some commercially available 
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drinkable milk samples collected from goat, buffalo and 
lactating women indicate that the values of uranium con-
centration vary from (10.06+0.60)xlO~^ to (55.0+0.78)xlO"^ 
^g/l and the results are presented in Table - 5.8. Goat 
and buffalo milk samples were collected from different 
dairies in and around Aligarh city. The dairy catties are 
fed mainly on phosphorus containing feed supplements, 
52 53 
which may be the source of uranium and radium . Garner 
estimated that a daily ingestion of 0.4 g uranium is 
required to cause mild deleterious effects in dairy cows. 
19 Gamboa et al. have reported values of uranium content in 
commercial drinkable milk varying from 1.61 to 25.41 ppm. 
40 Lai et al. have observed values of uranium content in 
milk samples of cow and buffalo collected from the dairies 
in and around Kurukshetra to be (1.7+0.04)xlO - (43.20+ 
0.2) xlO jig/l. The uranium content in investigated milk 
samples is quite low as compared with that of water samples. 
52 Reid et al. have calculated uranium concentration in the 
milk of American daily cattle fed mostly phosphorus con-
taining feed supplements, to be -^  1 i^g/l, whereas the 
present analysis gives the average 0.2 ng/l for lactating 
women and 0.4 \xq/l for dairy catties. These values are 
5 times smaller for lactating women and 2.5 times smaller 
for dairy catties. It is not possible to attribute reasons 
for this low uranium content. However, this could be due to 
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Table - 5.8 
Uranium concentration in liquid milk samples 
Lab 
code 
no. 
Bl 
B2 
S3 
B4 
% 
Gl 
G2 
Source 
Breast 
Breast 
Breast 
Buffalo 
Buffalo 
Goat 
Goat 
Total 
tracks 
counted 
339 
853 
948 
573 
1,628 
884 
1,853 
Uranium 
concentration 
xl0-2(j,g/l) 
10.06+0.60 
25.33+1.07 
28.15+0.23 
17.01+0.74 
48.35+1.49 
26.25+1.01 
55.00+0.78 
15, Calculated using neutron flux((j)) = 7.8x10 (nvt) 
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the fact that the fodders of live-stock in this region 
of the country do not contain phospjorus rich supplements. 
The consumption of milk at the rate of even one litre per 
day is quite safe as the total uranium intake in whole 
life span (say of 60 yrs) will only be -^4.4 mg from 
lactating women and --^ S.S mg from dairy catties. Which is 
quite low than the maximum permissible human intake of 
40 mg/day 
From the deta i led study of c h a r a c t e r i s t i c s of 
CR-39, Lexan, Maknofol-KL & Helinex-0 p l a s t i c t rack de tec tors 
for the detection of f iss ion fragments, Wfe conclude tha t 
Melinex-0 p l a s t i c detector i s preferrable over CR-39, Lexan 
& MaXrofol-KL for the measurement of t race^ amount of uranium. 
I t does not record t racks of alpha pa r t i c l e s alongwith the 
f iss ion t racks & gives nice conical f iss ion t racks & l e s s number 
of etched background & inperfact ions , 
Frxjm the measurement of t race amount of uranium in 
various materials following conclusion i s derivedT 
Uranium concentration in tubers grown in t h i s region 
of 
l i e within the reported range^other countr ies & the radia t ion 
from uranium which can produce biological ef fec ts are well 
below ICRP l im i t s . 
There i s a la rge var ia t ion in uranium concentration 
in various tea leaves available in the market, but the 
rad ioac t iv i ty due to than i s qu i te small & thus safe even at 
higher consumption l eve l s . 
The uranium content of milk & drug samples i n v e s t i -
gated i s qu i t e low as compared to maximum permissible l imi t 
for human in take . 
Contd , , ,p , : 
• - 2 - ' 
A large var ia t ion in uranium content has been found 
i n ground & surface Water samples invest igated here. This 
va r ia t ion may be due to a large number of factors i . e . uranium 
contents of rocks, so i l , sands & minerals of tha t area, 
deposition of uranium in t h e i r surface layers in bed rock 
f i s sures , the type & s i t e of the source & runoff f e r t i l i z e r s etc 
The inves t iga t ions indica te that uranium contents in both ground 
& surface water sam.ples l i e within the range of uranium 
concentration as observed by various workers in India, China, 
Brazi l , U.S.A. & U.3.3.R. • 
n,2 
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DETERMINATION OF URANIUM CONCENTRATION IN 
DOMESTIC WATER SAMPLES BY FISSION TRACK METHOD 
V BANSAL, R. K. TYAGI, R PRASAD 
Department of Applied Physics, Z H College of Engineering 
and Technology, Aligarh Muslim University. 
Ahgarh 202002 (India) 
(Received March 17, 1988) 
The sensitive and simple fission track detection technique using a dry method with 
Melinex-0 plastic track detector has been applied for the determination of uranium 
concentration in samples of domestic water supply plants collected from different states of 
India, namely West Bengal, Ultar Pradesh, Rajasthan, Punjab and Delhi. Our analyses show 
that uranium concentration of water samples collected from different types of domestic 
water supply plants vary from 0 6 + 0.02 to 19 2 ± 0.6 Mg/1. The present investigations may 
be useful from the point of view of radiation hygiene 
Introduction 
The fission track method due to its simplicity and apphcability has been applied 
by many users in diverse fields such as archaeology, anthropology, medical sciences, 
biology and industrial technology ' This technique has been successfully applied for 
the determination of naturally occurrmg radiotoxic trace element uranium in various 
materials Uranium concentration in few ores is found m the range 40-60%, while 
its average concentration in the earth's crust is 4 • 10'"'* ^ A high concentration of 
uranium (0 12 mg/g) has been found m phosphate rocks ^ All these sources come in 
contact with water and uranium is transferred to it by its leaching action More 
than 99% ot uranium transported by runoff from land to fresh water systems remains 
with suspended particulates on the sediment Trace amount of uranium is really 
soluble m fresh water" Radioactive nuclides from uranium decay series presen* m 
water enter the human body mamly through food and drinking water Thus the acti-
vity of uranium m water depends on the concentrations encountered in rocks with 
which water comes in contact Uranium may also be introduced into drmking water 
supplies by human activity in the mining and milling of uranium ores The radionuclides 
of uranium series present in human consumable materials may have biological effects 
and carcinogenic implications Radioisotopes constitute a far greater health hazard when 
inside the body due to the internal tissues being continuously irradiated till the isotope 
Elsevier Sequoia S A , Lausanne 
Akademiai Kiado, Budapest 
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where k is a constant depending on the material of standard glass and p is the 
number of fission tracks per cm^. On putting the value^ k = 1.028 • 10 ' ' and 
observed value p = 8.76 • 10'' tracks/cm^, one obtains $ = 9.00 • 10'^ (nvt). 
The uranium concentration C^ of water samples was calculated from the ex-
pression* 
r = 
where T 
G^ 
M 
E 
V 
NA 
a 
$ 
I 
TM 
VG NAEO^I 
- total number of fission tracks, 
- 1 , 
= 235, 
= 1, 
= 0.06 ml. 
= 6.023 • 1 0 " , 
= 580- 10-^" cm^ 
= 9.00 • 10'5 (nvt), 
= 7.26 • 1 0 - ^ 
On substituting these values, the above expression reduces to 
Cw = 1.71 • 10-" T^g/l. (2) 
Results and discussion 
The uranium concentration of various domestic water samples used for drinking 
in India, collected from various type of sources and different places are given in 
Table 1. The uranium concentration has been found to vary from (0.6±0.02) to 
(19.2±0.6)/ig/1. The errors indicated with the values of uranium concentration are 
statistical counting errors. The tracks of each sample were counted 2 to 3 times and 
the uranium concentration was determined with one standard deviation. Our results 
show that the uranium content in the same city varies from water reservoir to 
reservoir and hand pump to hand pump so that the uranium content of water widely 
depends on the type and site of the source. Wells having water with a maximum value 
of uranium content are located in the area around Agra (UP.) 
Using the fission track method, FLEISCHER and LOVETT* found the uranium 
content of Pasadena, California, water supply to be 9 jug/1 which was approximately 
three times greater than that normally found in sea water.' In some of the US com-
munity water supplies, the uranium content has been found to have values greater 
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to 5.3±0.02 /ig/1 in natural water samples collected from different places of Assam. 
CHAKARVARTI et al.** determined the uranium concentration of hot springs water 
to vary from 1.4 to 7.4 /ig/1. 
The range of uranium content as obtained in this experiment lies within the general 
range of uranium content for ground water as observed by earlier workers. Other 
methods compared to this method for the determination of uranium content of 
water are generally complicated due to the presence of variable mass of suspended 
uranium bearing particles in water. But the fission track method described here for 
the determination of uranium concentration in water is quite simple and sensitive. 
This work was financially supported by the Department of Science and Technology, 
Government of India, New Delhi. 
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DETERMINATION OF URANIUM IN TUBERS USING SSNTD TECHNIQUE 
VEENA BANSAL and RAJENDRA PRASAD 
Department of Applied Physics, Z. H. College of Engineering and Technology, 
Aligarh Muslim University, Aligarh-202002. 
Abstract: Solid State Nuclear Track Detection (SSNTD) technique has been applied to estimate the trace 
content of uranium in some commercially available samples of tubers used for human consumption in 
India. Melinex-0 plastic manufectured by Imperial Chemical Industries, England has been used as a 
nuclear track detector. The uranium concentration has been found to vary from 0.16 to 0.39 ppm. The 
uranium content in tubers may be of considerable interest from health point of view and for environ-
mental control. 
INTRODUCTION 
Uranium is a naturally occurring heaviest 
and radiotoxic trace element found in all 
rocks, sand, soil and water. The radio-
activity from radioactive series of ^^U is 
transferred to plants grown there. High 
degree of uranium has also been found in 
phosphate deposits and can be easily trans-
ferred from the deposits as well as from run 
off phosphate fertilizers (Spalding & Sackett 
1972). Thus radioactivity from ^^ U^ series 
is transferred to food supplements and 
drinking water from soils and bedrocks and 
then to human beings. Uranium can be a 
greater health hazard when it is contained 
inside the body because internal tissues are 
irradiated continuously till the isotope loses 
its radioactivity by natural decay or else 
gets eliminated in the urine and faces. Hence 
a lot of interest has been generated in the 
estimation of uranium in human consum-
ables. Estimation of uranium content in 
tubers is of considerable interest, since these 
underground root vegetables are high mine-
ral absorbers (Kaindl & Linser, 1961) and 
can absorb a high degree of uranium from 
soil. 
In the present study, solid state nuclear 
track detection technique has been employed 
for the analysis of uranium content in tuber 
samples namely ginger, potato, red carrot, 
yellow carrot, beet and radish using external 
detector method for bulk determination of 
uranium content in homogeneous solids as 
suggested by Fleischer et al., (1975). 
MATERIALS AND EXPERIMENTAL 
TECHNIQUE 
Tuber samples were collected from market 
and dried in an oven for 24 hrs at lOO'C. 
The dry products were burnt to ashes in the 
furnace. The ash residues were powdered 
and 50 mg of sample powder was homo-
geneously mixed with 100 mg of methyl 
cellulose powder, which is used as a binding 
material free from uranium contamination. 
The mixture was pressed into a thin pellet, 
1.5 cm in diameter and 1 mm in thickness 
by a specially designed pellet making 
machine. These pellets were then covered 
on both sides with Melinex-0 plastic discs 
of same diameter as that of the pellet. 
Melinex-0 discs were used as external dete-
ctors for recording fission tracks. The 
pellets along with a pellet of standard glass 
of known uranium concentration (Kumar & 
Srivastava, 1984) covered with Melinex-O 
plastic disc were encapsulated in an alumi-
nium capsule and were irradiated with ther-
mal neutrons of fluence -^ 10 '^ (nvt) at 
Apsara reactor of B.A.R.C. Trombay, India. 
The thermal neutrons cause fission in ^ '^'U 
and fission fragments produce latent damage 
in the plastic detector, which are in close 
contact with the samples.-^-Th, if present 
in the sample contributes very little to the 
total damage from the (n, f) reaction due to 
its very low fission cross section, /. e. 40 
fih as compared to 580 b for °'^U. 
After irradiation the Melinex-0 plastic 
discs were removed and washed with double 
61 
distilled water and etched in 6 N, NaOH 
solution at a temperature of 60°C for 90 
minutes and their whole area (excluding 
the boundaries of detectors where chances 
of contamination from outside are more) 
were scanned for fission track density using 
an optical microscope at a magnification of 
400 X. A comparison of induced fission 
track densities recorded in the Melinex-0 
covering unknown and standard pellets 
gives the U-content in the sample (Fleischer 
et al., 1975). 
Ux = U s Px 
where the subscripts x and s stand for un-
known and known standard respectively; 
U and P represent uranium concentration 
and fission track density respectively. 
RESULTS AND DISCUSSION 
The values of uranium concentration in 
various samples of tubers calculated by 
using the above equation are summarized 
in Table 1. The uranium concentration of 
URANIUM 
TABLE I 
CONCENTRATION IN 
TUBERS 
S. Name of 
No. tuber 
1 Beet 
2 Ginger 
3 Red carrot 
4 Yellow carrot 
5 Potato 
6 Redish 
Track 
density 
Px (in 
10^  track 
per cm )^ 
3.08 
1.39 
1.29 
1.69 
2.69 
3.19 
Uranium 
concen-
tration 
Ux in 
ppm 
0.38 
0.17 
0.16 
0.20 
0.33 
0.39 
tuber samples are found to vary from 0.16 
to 0.39 ppm. This variation may be due 
to the variation of uranium content in the 
soil and water, where the root vegetables 
are grown and the amount of phosphate 
fertilizers used there as tubers take radium, 
thorium and uranium isotopes from the so'l 
and water throughout their full growth by 
their root system. These results were 
expected, since the uranium concentration 
in the water in the region was found to vary 
from 0.68 to 20.46 ^g/1 (Bansal et al , 
1987) and in the soil from 0.023 to 0.430 
ppm (Azam, 1988). Chakravarti et al. (1980) 
reported the value of uranium content in 
soil from 2 to 13 ppm and in plants from 
0.2 to 27 ppm were collected from differ-
ent parts of India. Uranium content in 
different plant species grown in Siwalik 
Himalayas (India) were found to vary from 
7.6 to 28.31 ppm (Virk et al., 1982). 
Uranium concentration reported by 
Mafra and Couto (1980) are 0.42 mg kg-^ 
and 2.78 mg kg—^ in ashes of carrots from 
the Rio de Janeiro and Pocos de Caldas 
mines araea of Brazil. Our results compare 
with theirs in normal background region. 
The uranium concentration in fresh tubers 
should be about 10—- times of that of their 
ashes, as the ashes correspond on the ave-
rage to 1 % of the raw product (HASL-300, 
1972). The observed values of U-content 
in tubers is much lower than the maximum 
permissible limit of 40 mg per day suggested 
by Morgan (1973) as regards its biological 
effects due to radioactive particles emitted 
from uranium. 
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